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Abstract
The MedApp treatment facility of FRM II provides a horizontally ﬁxed beam
of unmoderated ﬁssion neutrons. Since high LET radiation can deactivate
cells rather independently of their phase in the cell cycle, their repair capac-
ities and their oxygenation state, fast neutrons oﬀer advantages especially
for the treatment of radioresistant tumours.
Scope of this thesis is the establishment of a treatment planning system
(TPS) for the MedApp facility with retrospective purposes. The develop-
ment of a personalised dosimetric tool will improve the accuracy of the pre-
dictions of the dose absorbed by the diﬀerent tissues surrounding the tumour
and by the tumour itself. This will improve the quality of treatments with
fast neutrons.
The capabilities of diﬀerent simulation softwares used for that purpose were
studied. The main objective of the thesis was to ﬁnd out whether these
simulation programs were suitable to run TPS simulations for ﬁssion neu-
tron radiotherapy at the MedApp facility. Two programs, SERA and ImageJ
combined with MCNPX, were chosen for a closer analysis. The features of
both programs were studied. To match the MedApp requirements their ca-
pabilities were extended. So as to facilitate the user task, work was done
to adapt these programs and scripts were written in order to generate the
inputs data for both programs. The segmenting process which is the most
time consuming step in the planning procedure, was analysed in order to
ﬁnd a possible procedure which simpliﬁes the process, especially for novice
users. To verify the suitability of the studied programs, calculations of the
dose distribution in diﬀerent phantoms were made and compared with mea-
surements. Moreover, calculations with human voxelised phantoms were
also carried out in order to test the suitability of the programs for human
dosimetry. The results obtained with both simulations programs were in
good agreement with the depth dose measurements in the water phantom of
the MedApp facility. Moreover, the simulation times were acceptable. These
veriﬁcations demonstrated that both computational dosimetry systems have
enough performance for fast neutron therapy dosimetry.
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Chapter 1
Introduction
1.1 Motivation
Current internal dosimetric estimations at the MedApp facility are based
on water phantom measurements. This does not allow to perform patient-
speciﬁc dosimetry taking into account the diﬀerent tissue compositions present
in the human body. Scope of this thesis is the establishment of a treatment
planning system (TPS) for the MedApp facility with retrospective purposes.
The development of a personalised dosimetric tool which takes into account
real patient morphology, composition and densities, will improve the accu-
racy of the predictions of the dose absorbed by the diﬀerent tissues surround-
ing the tumour and by the tumour itself.
The main objective of the thesis is to ﬁnd out whether this simulation pro-
grams are suitable to run TPS simulations for ﬁssion neutron radiotherapy
at the MedApp facility. The chosen program must meet certain criteria to
ensure the proper functioning. The simulations with the created computer
models should adequately describe the experimental dose distribution ob-
tained in the labour measurements. Moreover, the simulation times should
be acceptable and the interface should be clear and simple in its operation
to be user friendly. In order to facilitate the user task, work has been done
to adapt the programs to the MedApp necessities.
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1.2 Radiation therapy
After cardiovascular diseases, cancer is the most common cause of death
[dE]. The abnormal and uncontrolled cell growth results in the development
of malignant tumours which may interfere with body systems and may cause
death. Cancer can be treated through surgery, irradiation, chemotherapy or
a combination of these. The chosen treatment depends on the stage of the
disease and its position. About 70% of cured patients received radiation
therapy, either alone or in combination with other medical treatments, but
also in palliative treatment radiationtherapy plays a great role [Bra06].
The goal of radiation therapy as a treatment for cancer is to remove the
tumour without prohibitive deterioration of normal tissue. Since biological
damage can be produced in malignant but also in healthy tissue, the dose is
mostly limited by the normal tissue tolerance.
Cellular damage can proceed from two diﬀerent mechanisms (see ﬁgure 1.1),
namely creation of free radicals and DNA strand breaks. In the ﬁrst mech-
anism (indirect eﬀect), molecules in the cell are ionized and become chem-
ically more reactive (e.g. OH−). These free radicals in turn cause damage
in the cell. In the second one (direct eﬀect), the ionizing radiation breaks
the DNA molecule and thereby perturbs cell reproduction [Blo03]. Direct
eﬀects prevail for neutron beams where the secondary particles produced by
the interaction of the neutron with the nucleus, mainly protons, may cause
damage directly to the DNA. On the contrary, indirect eﬀects predominate
when x-rays or gamma rays compose the beam since their interaction with
the atomic cloud produce secondary particles as fast electrons which interact
with water, the most abundant cellular medium.[Was03]
Radiation is an eﬃcient breaker of chromosomes by indirect or direct ioniza-
tion. Damage to a key molecule such as the DNA (DeoxyriboNucleic Acid),
may be lethal to a cell. The DNA molecule has a double helix structure,
which consists of two strands, held together by hydrogen bonds between the
bases. One form of damage involves the change or loss of one or more of
4
Radiation therapy
Figure 1.1: Cellular damage mechanisms: indirect and direct eﬀect [Loe10]
the four nitrogen-containing bases (adenine (A), thymine (T), cytosine (C)
and guanine (G)), another form of damage involves the breakage of hydro-
gen bonds between the A-T and C-G base pairs. The eﬀect of these DNA
changes may have diﬀerent consequences. The structural changes may be
healed without leading to damage, or there may be a readjustment of the
genetic material resulting in a mutation, which can cause eﬀects on protein
synthesis. Single strand breaks in the DNA are more easily repaired than
double strand breaks, which are more frequent after exposure to high Linear
Energy Transfer (LET) radiation. A single radiation induced break in any
part of a chromosome results in two chromosome fragments, which have a
high probability of rejoining. Knowing the LET of the radiation is very im-
portant, because equal doses of diﬀerent LET radiations produce diﬀerent
degrees of the same biological response. This phenomenon is computed with
the relative biological eﬀectiveness (RBE) of the radiation. Usually, as the
LET of the radiation increases, so does its RBE. [Was03]
Although the most critical target of radiation is the DNA, other cell struc-
tures can also be damaged by ionizing radiation. Absorption of energy by
the components of the plasma membrane can result in a change in the per-
meability of the membrane and leads to drastic consequences for the cell.
[Was03]
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1.2.1 Radiation therapy with neutrons
A cancer may be fast-growing or slow-growing. The growth rate of cancer
depends on the cancer type and on the tissue in which the cancer is located.
Well diﬀerentiated and slow growing tumours have a high potential for re-
pairing sublethal damage and therefore they show an insuﬃcient response to
conventional irradiation. For treatment with photons, oxygen-poor tumours
are considerably less sensitive, in contrast to normally oxygenated tumours.
Neutrons oﬀer advantages especially for both: tumours, that are poorly sup-
plied with blood and oxygen and slow growing tumours (see ﬁgure 1.2), since
high LET radiation can deactivate cells independently of their phase in the
cell cycle and their oxygenation state. [Pet10]
Figure 1.2: Photon and neutron ionization in cell [Loe10]
The so called radio-resistant tumours present the following characteristics:
• slow growth
• hypoxicity
• high diﬀerentiation
Like gamma rays, neutrons induce their biological eﬀect through secondary
charged particles, but whereas photons interact with atomic electrons, neu-
trons interact with nuclei so that the secondary particles are nuclear particles
6
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such as protons. So the neutron transfers its energy to the tissue in two steps:
the ﬁrst one involves the interaction between the neutron and a nucleus, the
second one involves the transfer of energy from secondary charged particles
to tissue through ionization.
The Kinetic Energy Released in Matter (KERMA) is used to quantify the
initial step in the energy deposition. It is the kinetic energy transferred
from neutrons to the secondary charged particles per unit mass of material.
Kerma and dose are two diﬀerent concepts since the secondary particles
have a certain range and do not deposit their energy in the origin point
but predominantly down-stream. As the dose, the same kerma does not
necessarily lead to the same biological damage, as the biological response
varies strongly with the type and energy of the particle [Blo03]. The resulting
kerma K from a neutron ﬂuence φ at a point in a medium is given by [Att04]:
K =
1.602 · 10−8 · φ · σ ·Nt · Etr
m
(1.1)
where σ is the cross section [cm2/atom], Nt is the number of target atoms,
m is the sample mass [g] and Etr is the kinetic energy [MeV] given to the
secondary particles per interaction.
Because neutrons do not require oxygen to help kill cancer cells, they are of-
ten used in larger cancerous tumours that have not responded to other forms
of radiation therapy treatment and which are inoperable. There are two dif-
ferent types of neutrons to be distinguished for medical physics: epithermal
neutrons (Ek<10 KeV) used in boron neutron capture therapy (BNCT) and
fast neutrons (Ek>10 KeV) used in external beam radiotherapy (e.g. the
beam of the MedApp facility).
Boron Neutron Capture Therapy
The BNCT irradiation technique [Pod10] is based on the very high absorp-
tion cross section of 10B for thermal neutrons. The 10B has a very high
probability of absorbing a thermal neutron and undergoing the following
7
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nuclear reaction:
10B + n→7 Li(0, 84MeV ) + α(1.48MeV ) + γ(0.48MeV ) (1.2)
Separately, the boron-10 compound and thermal neutrons have no direct
therapeutic eﬀect on tissue components. Thermal neutrons do not cause
ionisation in tissue since their kinetic energy (0.025 eV) is much lower than
the ionization potential of the body atoms (between 5 eV and 24.5 eV) and
there are non toxic boron compounds. However, the reaction between them
generates two reaction products that are densely ionizing and produce local
cellular damage. This fact can be exploited by administering bio-molecules
labelled with 10B which are selectively concentrated in the tumour cells to
the patient. The body can be irradiated with epithermal neutrons which
will be moderated by the hydrogen in the body and later on interact in the
tumour with the boron-10 producing local damage, while the surrounding
tissue, which does not contain boron, will be aﬀected weakly.
This idea is still considered as an experimental technique since serious diﬃ-
culties regarding the boron concentration in the tumour are still unsatisfying.
However, several research groups around the world are working on it.
Radiotherapy with fast reactor neutrons
The biological eﬀect of high-energy radiation is mainly due to the damage
to the genetic material, i.e., the DNA of the cancer cell. Only a suﬃciently
high radiation dose causes suﬃcient DNA damage that can no longer be re-
paired by the cell. Unrepaired mutations in the DNA result in the loss of
the ability of the cell to divide, which leads to the elimination of the tumour.
Fission neutrons (≈ 2 MeV) show a greater linear energy transfer than neu-
trons with higher energy , which leads to a maximum of the biological ef-
fectiveness. However, the penetration depth of the ﬁssion neutrons is rather
low. This has also a positive eﬀect: deep located healthy tissue will be less
aﬀected. For instance, in breast cancer treatment, the low penetration of
the beam results in less critical lung and heart irradiation, even at vertical
8
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incidence. As already discussed in the previous section, the interaction of the
fast neutron with matter most probably leads to an emission of secondary
charged particles. Fission neutrons induce the fast neutron dose by the re-
coil protons resulting from elastic scattering with hydrogen nuclei (see ﬁgure
1.3).
Figure 1.3: Neutron kerma coeﬃcients for relevant components in human
body [Veg10]
A fast neutron will transfer in average 50% per interaction of its kinetic
energy to the proton in the hydrogen nucleus. The recoil proton will then
travel a short distance (≈ 50 µm ) through the medium and transfer its
energy to the tissue. The proton will lose its energy by colliding with bound
electrons or with the so called Rutherford scattering, which is based on the
electrostatic repulsion from the nucleus that deﬂects the protons. This sec-
ond eﬀect is much less likely. The energy of the recoil proton depends on
the energy of the incident neutron and the mass of the target nucleus [van01].
9
Chapter 1. Introduction
1.3 The MedApp facility
The MedApp facility of the FRM II in Garching (Munich) has been in op-
eration since 2007 [Wag08]. During these years, 104 patients, in whom can-
cers were sited in superﬁcial head & neck regions so as breast cancer and
melanoma metastases, have been treated [Loe09]. Medical support to the
MedApp facility is provided by radiooncological hospitals in Munich, Inns-
bruck, and Traunstein. The patients were usually ﬁrst treated with con-
ventional radiotherapy (photon or electron radiation) and were sent to the
MedApp facility after the tumours were diagnosed to be radioresistant. This
situation happened mostly in late stages of the cancer, which has become
metastatic. That is why less than 25% of the patient of the MedApp facil-
ity were treated with curative intention. Even if for most of the cases no
important prolongation of the life of the patient can be reached, a better
quality of life can be achieved. For this reason, most patients come in search
of palliative treatments to reduce pain, prevent ulcerated tumour lesions and
improving organ functions [Pet10].
The facility provides a horizontal ﬁxed beam of unmoderated ﬁssion neu-
trons with mean energy of 1.9 MeV [Bre07]. The neutrons needed for the
tumour therapy are generated by the ﬁssion reaction in the nuclear reactor.
The single fuel element (see ﬁgure 1.4) is surrounded by D2O which mod-
erates the neutrons. Since the MedApp facility works with fast neutrons, a
converter plate is needed to generate the fast neutrons again. The converter
consists of two highly enriched (93%) uranium plates each of 270 g, which are
located about 1 meter from the reactor core. The thermal neutrons from the
reactor induce ﬁssion processes in the converter plates, where fast neutrons
and gamma radiation are released. From each ﬁssion process induced by a
thermal neutron, in both plates an average of 2,44 Neutrons and 6 prompt
Gamma quanta are generated. A helium ﬁlled tube (SR10) is attached very
close to the converter, so that fast neutrons from the converter can reach the
irradiation site without moderation. In order to reduce the fraction of slow
neutrons, which have a very low penetration and would induce burns in the
region of the skin, the beam is ﬁltered (ﬁgure 1.5) with 1 cm B4C-Epoxy.
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Moreover, in order to reduce the gamma quanta presence in the beam, a
3.5 cm lead ﬁlter is also placed before the collimator. After the ﬁlters, a
multi-leaf collimator of 2x20 leaves (see ﬁgure 1.6) is used to shape the beam
geometrically. Each leaf is 15 mm wide and enables a maximum aperture of
30x19 cm2. An improved collimator is currently under construction [Sch09].
The patient position is about 5.9 m away from the converter plates. Behind
the patient position there is a beam dump.
Figure 1.4: Horizontal cut through the reactor pool. The converter for fast
neutrons is located near to the inner diameter of the moderator [FRM]
11
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Figure 1.5: Model of the jet tube 10 from surface 9100 to the position of
the patient [Kam07]
12
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Figure 1.6: MedApp patient irradiation room
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Chapter 2
Comparison of treatment
planning systems
The aim of this project is to adapt a treatment planning system to the
MedApp facility at the research reactor FRM 2, which delivers reliable re-
sults in acceptable simulation times. For radiation transport and dose distri-
bution calculations in complex systems such human body organs where the
computation of an exact result is infeasible, Monte Carlo simulation method
give an adequate accuracy in the results. In order to obtain an accurate dose
planning system, it is not only important to model the source correctly but
also to have a precise model of the patient geometry.
Anthropomorphic computational phantoms can be separated in three main
categories [Zai09]:
• Mathematical equation based models, in which organs are delineated
using surface equations.
• Voxelised models, in which organs are deﬁned from segmented high-
resolution medical images in terms of 3D-pixels (voxels).
• Hybrid models, in which the mathematical description of organ bound-
aries is derived from deﬁnitions extracted from voxel data.
The representation of anatomical body parts based on mathematical equa-
tions is generally very raw, since simple equations can only capture a general
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description of the position and geometry of the organs. This is why these
kinds of phantoms are not suited for clinical use where an individual descrip-
tion of the human body is necessary. Voxel-based phantoms constructed from
medical images such Computed Tomography (CT) or Magnetic Resonance
Imaging (MRI) images describe the human anatomy in a more realistic way
than equation based phantoms. Since mathematical phantoms do not pro-
vide a diﬀerenciated realistic organ representation for each patient and the
computing power of current micro-processors has increased in the last few
years making relatively fast calculations possible, the comparison will be fo-
cused on programs using voxelised phantoms. Various programs meet the
characteristics mentioned. The main objective is to determine which one
best suits the needs of the MedApp facility. Below, a brief description of the
main features of a number of such programs is presented.
2.1 SERA
The Simulation Environment for Radiationtherapy Applications SERA sys-
tem was developed by the INEEL/Montana State University group [Wes02].
This system uses a tailored Monte Carlo code called seraMC based on multi-
group photon and neutron cross sections libraries, which are structured in
94 neutron energy groups: 22 thermal neutron groups (up to 0.414 eV), 40
epithermal neutron groups (0.414 eV - 9.12 keV) and 32 fast neutron groups
(9.12 keV-16.9 MeV). SERA produces a patient model using the pixel by
pixel uniform volume element (univel) reconstruction method. In that case,
the model's resolution is only limited by that of the original medical images,
since each univel can be as small as one image pixel.
When the planning calculations are conducted, the radiation ﬁelds are dis-
played in the original image planes as dose contours. This representation
allows the user to determine if the position of the beam and the radiation
time are suitable for the treatment as well as to determine the healthy tissue
limits.
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As SERA was originally developed for BNCT its suitability for fast neu-
tron therapy has to be studied. A number of studies [Goo02] have shown
that SERA underestimates the fast neutron dose due to the fact that SERA
includes only the fast neutron dose from the protons recoil reaction not
considering other minor components to the fast neutron dose rate. For this
reason, an underestimation of 10% in the results was expected but not found
in this work.
In comparative studies between SERA and MCNP (Monte Carlo N-Particle
Transport Code) results [Bor09], a diﬀerence of about 12% is found on the
surface region. The reason is that in SERA the ﬂuence rate is averaged over
the tally volume. If the surface tally is partly covered with air (see ﬁgure
2.1), the averaged ﬂuence rate is lower than the real one, so SERA underes-
timates the neutron ﬂuence on the surface with respect to MCNP.
Figure 2.1: Surface tally partly covered with air
Photon dose calculations using SERA are in agreement with the MCNP cal-
culations within 2%.[Kor10]
SERA presents a number of interesting features for the MedApp facility.
On the one hand, it oﬀers an intuitive interface for positioning the beam
with respect to patient and after the calculations, the user can obtain dif-
ferent graphical representations of the results. Moreover the simulations
time are acceptable for the clinical practice. The required input ﬁles for the
beam characteristics have been developed in this work. The characteristics
of SERA will be discussed in chapters 5 and 6.
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2.2 NCTPlan
This system was developed by the CNEA and the Harvard-MIT group; and
it is the new version of MacNCTPlan [Cas04]. It uses the MCNP code and a
continuous energy cross section. For patient modelling, it applies the voxel
reconstruction method. The stack of medical images is divided in 1cm3
cubes, each having a composition weighted by the volume fraction of each
material present in the voxel.
NCTPlan includes fast neutron dose components other than just proton re-
coil dose. Therefore the fast neutron dose calculated with NCTPlan should
agree better with the experimental measurements than the SERA calcula-
tion.
The calculations made with NCTPlan for BNCT agree within 3.1% on av-
erage with the measurements; the experimental uncertainties being 6% in
average [Cas04]. For the photon dose rate, the diﬀerences between the NCT-
Plan calculations and the experimental results were 9.6%, the experimental
uncertainties for the photon dose rate measurements being 3% on average.
This program was not available for this work, therefore a more detailed as-
sessment was not possible.
2.3 JCDS/JCDS-FX
The JAERI Computational Dosimetry System JCDS was created by the
Japan Atomic Research Institute group [Nak04].
A detailed 3-dimensional model of the patient is created by superimposing
MR Images and CT data. On the one hand, with CT data, compositions
of the patient body such as bone or air and soft tissue are diﬀerentiated, on
the other hand, with MR Images, regions of interest (ROI) can be deﬁned
e.g. tumours or critical organs. The actual version of JCDS converts this
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detailed model into a voxel model that divides it uniformly into 8 mm3 voxel
cells. It uses a similar calculation method as the one used in NCTPlan.
The dose components are then computed with that voxel model using the
"Mesh Tally function" installed in MCNP-5. Interpolating the voxel calcula-
tion results, the distribution in the detailed model can be calculated. [Nak04]
Its performance was veriﬁed with a study [Nak04], where the experimental
data with a cylindrical water phantom were compared with the calculation
results using JCDS. In this study, the thermal neutron ﬂux proﬁles in the
phantom at a depth of more than 1 cm were in good agreement, with an
uncertainty of less than 4-5%. In the surface area the calculated value was
approximately 5-10% lower than the experimental value. Calculations with
diﬀerent collimator shapes showed errors of the same order, so it was demon-
strated that the JCDS dosimetry was not aﬀected by the neutron source
conditions.
The uncertainty of the distribution of the gamma-ray dose was also less
than 5%. In the same way as for the thermal neutron ﬂux distribution, the
gamma-ray dose rate distributions showed a discrepancy of 5% or more in
the distant region from the beam axis. Experiments for fast neutrons were
also carried out. The comparison with the experimental values conﬁrmed
that the MCNP calculation was accurate enough and therefore the dosime-
try with JCDS for fast neutron dose will also be in good agreement with the
expected results.
The largest diﬀerence between JCDS and SERA is also found with the fast
neutron dose (17-22%) as in NCTPlan [Aus09].
The new version of JCDS, JCDS-FX can load PET images in addition to
CT and MRI images which can be useful in order to pick out properly some
tumour regions that are invisible by CT or MRI. In addition to the usual 8
mm3 voxel cells, JCDS-FX makes a voxel model consisting of a pixel based
voxel cell (1 mm3). A further characteristic of JCDS-FX is that PHITS (a
multi-purpose particle MonteCarlo transport code) has been applied for the
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particle transport calculation. [Mat09]
This program was not available for this work, therefore a more detailed as-
sessment was not possible.
2.4 THORPlan
THORPlan is a treatment planning system developed at Tsing Hua Uni-
versity (Taiwan), for boron neutron capture therapy purpose [Li 09]. It has
been recently developed and it is supposed to have a user-friendly interface".
This system reads CT images for the patient and prepares an MCNP input
ﬁle for the ﬂux/dose calculation. After this, the output ﬁle can be processed
in order to obtain dose contour and dose proﬁles.
Its accuracy was veriﬁed by comparing the results of a phantom calculation
with MCNP4c, SERA and NCTPlan calculations [Li 09]. The MCNP4c
model was chosen as the reference result, since it is a validated code capa-
ble of simulating neutron and photon transport. Except for the skin region,
where a 14% diﬀerence was detected, THORplan showed a 2% diﬀerence
compared with the MCNP4c model results for the total dose rate (neutron
and gamma ray dose rate). Comparing the MCNP4c results with SERA and
NCTplan, SERA makes an overestimation of 2-5% while NCTPlan under-
estimates the total weighted dose rate by 10%. The thermal neutron ﬂux
and the total weighted dose calculated by THORplan were in good agree-
ment with the reference results. Therefore, this planning system seems to
be more accurate than the existing BNCT treatment planning codes SERA
and NCTPlan.
No studies were found that pay special attention to the fast neutrons. Since
this is the most important aspect for the implementation of this system to
the MedApp source, it should be tested if the accuracy in the dose calcula-
tion of the fast neutrons is also high enough.
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This program was not available for this work, therefore a more detailed as-
sessment was not possible.
2.5 GEANT4
GEANT4 is a program based on Monte Carlo code [All03] which is able to
calculate dose and ﬂux for many primary particle ﬁelds.
The geometry can be built by using some of the 20 listed solids and applying
boolean operations, adding or subtracting volumes. There is a list of prede-
ﬁned materials from the NIST-database available and alternatively, materials
can be built like in MCNPX by deﬁning their atomic numbers and speciﬁc
masses. The G4PhantomParametrisation enables the box shaped volumes to
ﬁll a container completely. With these repeated volumes, the user can build
large and complicated geometries saving memory space and computing time.
Dose calculations were performed with GEANT4 for photons and neutrons
below 20 MeV [Gar09] and compared with MCNP calculations. It was ver-
iﬁed that GEANT4 is apt to calculate neutron doses correctly. Moreover,
calculations were performed for an unvoxelised and a voxelised water phan-
tom. The resulting depth dose curves were almost identical, this demon-
strates that GEANT4 is apt to be applied to voxel phantoms. However, the
computing time1 required by GEANT4 was not yet optimised.
2.6 MCNP combined with voxelised phantoms
Another approach is not to use a complete dose planning system but com-
bine MCNP calculation with a voxelised model of the patient. This option
presents the advantage that MCNP is a well known program which gives
1To obtain results for a human voxel phantom with 3% statistical uncertainty using 20
processors on a IBM Cluster 1350-server with 2 GB RAM, a calculation time of 43 hours
was needed. This would present an obstacle to clinical practice
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accurate results for fast neutron dose. However, the use of such a program
may not be so intuitive for the user.
In order to use MCNP transport calculation, the patient model should be
adapted to the program. Phantoms are created from DICOM (digital imag-
ing and communications in medicine) medical images; this assures a high
degree of reliability in the modelling of the human anatomy. In this way, the
construction of personalized phantoms is possible and enables customized
dosimetry. There are some programs available to read a sequence of CT,
MRI and other types of scans, which then can prepare the geometry and
material sections of an MCNP input ﬁle. For this purpose, medical imaging
data are used so as to provide a 3D representation of the human body with
a large number of volume elements of the same size but with diﬀerent com-
positions according to the organ to which they belong. The grey values of
the pixels represent diﬀerent attenuation coeﬃcients and therefore diﬀerent
densities of the corresponding volume elements. Thereby, each grey tone can
be matched with a material.
The creation of this phantom model involves four main steps:
1. Medical Image set acquisition
2. Manual classiﬁcation and segmentation of the organs and tissues.
3. Speciﬁcation of the tissue type (e.g soft tissue, hard bone, air etc.)
4. Implementation of the geometrical data into a Monte Carlo code
2.6.1 CT2MCNP
CT2MCNP (Computed Tomography to MCNP Monte Carlo radiation trans-
port code) [Zai10] is a software written with MATLAB, which is capable of
reading a set of medical images and of creating a voxel-based phantom for
writing a MCNPX input ﬁle.
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The CT values are interpreted with the Hounsﬁeld Scale2 and can be sepa-
rated into groups, each group having an identiﬁcation number, representing a
material. So each pixel belonging to an organ or tissue is assigned an identi-
ﬁcation number. CT2MCNP provides two schemes for deﬁning the geometry
of a phantom into MCNP input ﬁle called XYZ intersection and Lattice
method. The XYZ intersection is used for external irradiation simulation.
The XYZ intersection method uses a very fast cell merging algorithm to
combine neighbouring cells into a bigger cell if they share the same material.
This algorithm ﬁrst searches for candidates in the X direction, then in the
Y direction and ﬁnally in the Z direction.
This program was not available for this work, therefore a more detailed as-
sessment was not possible.
2.6.2 Scan2MCNP
Scan2MCNP [Ken05] is a White Rock Science program, which reads images
in the standard DICOM format and provides an accurate representation of
the patient model containing the geometry and materials of the scan region.
Regions external to the scan as collimator, source, tally and other data items
must be added. By selecting a range of pixel intensities diﬀerent materials
can be assigned for use in MCNP. The user is responsible of choosing mean-
ingful ranges and associated materials. The material for each deﬁned region
is selected from a material library. A rectangular grid overlays the image,
and the fraction of each material in a grid cell is computed from the rela-
tive number of pixels in each partition range. The user can deﬁne the voxel
size in the direction parallel to the scan, in the other direction the program
sets it by the thickness of the image. Each grid cell becomes a MCNP cell
bounded by planes deﬁned by the grid. In order to reduce the total number
of cells, a cell combination algorithm combines two cells if they share a com-
2The Hounsﬁeld scale is a quantitative scale of radiodensity used in computed tomog-
raphy. It is a measure of the attenuating properties of the diﬀerent materials in the body
relative to distilled water at standard pressure and temperature [Bui10].
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mon boundary and the same material.
This program was not available for this work, therefore a more accurate as-
sessment was not possible.
2.6.3 OEDIPE
OEDIPE (Outil d'Evaluation de la Dose Interne Personnalisée) is a graphic
interface created by the Institute de Radioprotection et de Sureté Nucléaire
(IRSN) used to design voxelised phantoms created from CT or MRI images.
The OEDIPE program includes two main modules for the dose calculation.
The ﬁrst module enables the creation of an input ﬁle for MCNPX code. This
ﬁrst module is divided into three sub-modules corresponding to the geom-
etry creation, source deﬁnition and tally deﬁnition. These sub-modules are
accessible to the user only in this order. The second module enables the
reading of the simulation results and displays them on the screen.[Chi05]
Since MCNPX does not accept more than 100 000 cells, a solution has to
be implemented in order to reduce the number of cells needed to create the
phantom. There are two diﬀerent methods to achieve this aim: the ﬁrst so-
lution is voxel coupling, two neighbouring voxels are combined if they share
the same material and the same density. The second method is repeated
structures which is a speciﬁc MCNPX geometry feature.
This program is suited for internal body irradiation simulation. An adap-
tation of the software to external body irradiation could make the program
appropriate for MedApp facility.
2.6.4 ImageJ: Voxel phantoms tools
ImageJ is an image processing program developed by Wayne Rasband at
the Research Services Branch of the National Institute of Mental Health,
Bethesda, Maryland, USA. It is an open source code which is freely avail-
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able without any license requirement (public domain) and runs on Win-
dows, Mac OS, Mac OS X and Linux. Moreover, the program can read
many diﬀerent image formats as TIFF, GIF, JPEG, BMP,DICOM, FITS
and raw and also supports series of images like CT stacks 3. This character-
istic makes the program very attractive for its use in the MedApp facility.
The ImageJ features can be extended by installing diﬀerent plugins and
macros that are freely available or can be written by the user. Macro code
can be modiﬁed in the built-in editor. The ImageJ Macro language (IJM) is
a scripting language that allows controlling structures, operators and built-in
functions. The Programmer's Reference Guide [Mut] is a handbook where
the user can ﬁnd basic information necessary to write a Macro. Plugins are
a more complex and powerful concept than macros. They are written with
Java language, which opens a new range of possibilities. Since the commu-
nity of ImageJ macros and plugins's developers is very large, a huge list of
macros and plugins can be found in the Internet 4.
Voxel Phantoms tools is an ImageJ application developed by J. M. Gómez-
Ros at the CIEMAT (Centro de Investigaciones Energéticas, Medioambi-
entales y Tecnológicas) for the creation of a MCNPX input ﬁle for a voxel
phantom from CT data of a patient. The characteristics of ImageJ associated
with MCNPX will be discussed in chapter 4.
3http://rsbweb.nih.gov/ij/docs/intro.html
4http://rsbweb.nih.gov/ij/plugins/index.html
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Radiation dosimetry in a water
phantom
Measurements of depth dose curves were carried out with a phantom ﬁlled
with water in the treatment room of the MedApp facility (see ﬁgure 3.1).
Body tissue density and composition do not correspond to the properties
provided by water. Nevertheless, the attenuation and scattering properties
of neutron beams in water are very close to those in tissue [Vyn04]. The re-
sults of this measurements will be used to verify the results of the treatment
planning system candidates and the adequacy of their computer models of
the source and the collimator geometry.
The multi leaf collimator of the MedApp facility, which has 2x20 leaves of
15 mm thick each, was used for shaping the beam in the experiments. The
dose distribution in water depends on the shape and size of the irradiated
ﬁeld. For those experiments, a cubic water phantom and a ﬁeld size of 9x9
cm2 was used.
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Figure 3.1: Water phantom in the MedApp irradiation room [Kam07]
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3.1 Measurements in the laboratory: dual ionisa-
tion chamber method
As described in section 1.3, the mixed beam is composed of neutron and pho-
tons. Since neutrons produce stronger biological damage than γ-rays, it is
necessary to measure separately the dose for the γ and neutron components.
For that purpose, two diﬀerent chambers with diﬀerent known sensitivities
to the neutron and gamma components were exposed to the mixed ﬁeld. The
best combination is a dosimeter which measures the total neutron and γ dose
and a dosimeter having very little neutron sensitivity [Att04]. In ordinary
ionisation chambers, the neutron detection is not possible since the neutrons
are not ionizing particles, thus hydrogenous dosimeters that respond to the
absorbed dose deposited by the recoil protons resulting from the neutron
elastic scattering events have to be used.
One chamber consists of the electrically conducting material A-150 which is
radiologically tissue equivalent (TE). It presents a quantity of hydrogen and
nitrogen equivalent to the one contained in the human muscle tissue (see
table 3.1). However, the oxygen and carbon content are almost reversed.
But this does not disturb the tissue equivalence since the oxygen and car-
bon neutron kerma factors are very close in the energy ranges considered
(compare ﬁgure 1.3) . Furthermore, the kerma factor for hydrogen is much
larger than the one of oxygen and carbon. So, as a result the neutron kerma
factors for A-150 and tissue are very similar [Sho58]. The chamber volume is
ﬂooded with tissue equivalent gas (64,4 mol-% CH4 , 32,4 mol- % CO2 , 3,2
mol -% N2) [oRUM92]. Due to its hydrogen content, the tissue equivalent
chamber (TE/TE-gas) is mainly sensitive to the fast neutrons. Concerning
the gamma ray interactions with the chamber, the eﬀective atomic numbers
of the tissue equivalent plastic and the muscle tissue are also very similar.
For a ﬁssion spectrum, the calculated ratio neutron : gamma sensitivity is
48,5% : 51,5%. So the TE-chamber measures the total dose from neutrons
and photons.
The other chamber is made of magnesium and ﬂooded with argon gas. Con-
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Element muscle tissue A-150 plastic
H 10.2 10.1
C 12.3 77.6
N 3.5 3.5
O 72.9 5.2
Other 1.1 3.6
Table 3.1: Elemental composition (in weight%) of A-150 tissue equivalent
plastic and muscle tissue [Lan02]
trary to the TE-chamber, the Mg-Ar chamber is a non hydrogenous dosime-
ter, therefore it has only little fast neutron sensitivity [Sch03].
Mathematical expressed, the response of the TE/TE Chamber (Rt) and the
Mg/Ar Chamber (Ru) to the mixed ﬁeld of neutrons and γ-rays are described
by the equations [Att04]:
Ru = Au ·Dγ +Bu ·Dn (3.1)
Rt = At ·Dγ +Bt ·Dn (3.2)
where Ai and Bi are the gamma and neutron sensitivities for each dosimeter
relative to their sensitivities α to the gamma rays used for the photon cal-
ibration. Dγ and Dn are respectively the gamma and neutron energy dose.
Solving the equations system and letting
A =
h
α
and B =
k
α
(3.3)
the equations which describe separately the γ and neutron dose components
are:
Dn =
hU · (αT ·RT )− hT · (αU ·RU )
hU · kT − hT · kU (3.4)
Dγ =
kT · (αU ·RU )− kU · (αT ·RT )
hU · kT − hT · kU (3.5)
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Where1:
• kT is the relative neutron sensitivity from the TE /TE Chamber,
kT=0.943
• hT is the relative gamma sensitivity from the TE/TE chamber, hT=1
• kU is the relative neutron sensitivity from the Mg/Ar Chamber, kU=0.02
• hU is the relative gamma sensitivity from the Mg/Ar chamber, hU=1
• αT is the correction and calibration factor for the TE/TE Chamber,
αT=5.545.107 Gy/C
• αU is the correction and calibration factor for the Mg/Ar Chamber,
αU=5.171.107 Gy/C
• RT is the charge reading from TE/TE Chamber
• RU is the charge reading from Mg/Ar Chamber
The alpha correction factor represents the gamma ray sensitivity used for
calibration, this corrector factor itself must be corrected because the cham-
bers were calibrated with air instead of their ﬂowing gas. Therefore it is
necessary to make two initial measurements in the laboratory in order to
ﬁnd a ratio of the value of the chamber when gas is ﬂowing, and an other
measurement when just air is ﬂowing inside. With that ratio for each cham-
ber, the alpha factor can be corrected (see tables 3.2 and 3.3).
Mg/Air [pC] Mg/Ar [pC] Ratio
41.5 59.0 1.42
Table 3.2: alpha correction factor for Mg/Air
The chamber calibration factor is valid for a standard temperature (293.15 k)
and a standard pressure of 1013 mbar. A temperature-pressure factor must
be taken into account to make the appropriate correction of the chamber
1[Wag]
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TE/Air [pC] TE/TE-gas [pC] Ratio
139.3 161.6 1.16
Table 3.3: alpha correction factor for TE/Air
readings. The day when the measures were carried out, the room tempera-
ture was 28.1◦C and the air pressure was 949.9 mbar. So the temperature-
pressure correction factor for ideal gas is for this case given by:
f =
1013
949.9
· (28.1 + 273.15)
293.15
= 1.096 (3.6)
The environmental factor has also to be taken into account since a factor is
needed for the conversion from the air Kerma to tissue or water. For that
reason, the chamber readings were multiplied by the factor 1,112.
The depth dose values for a collimator aperture of 9x9 cm2 are summarised
in table 3.4. The most superﬁcial measurement position in ﬂuids was at a
depth of 3 cm, due to the presence of the PMMA walls and the size of the
detectors and their waterproof housing. The dose falls to half its value in
the ﬁrst 7 cm.
It should be noted that there is a probable systematic error in the experimen-
tal data, due to the fact that in the dose calculation (see equations 3.4 and
3.5), the values used for the neutron sensitivity kT and kU are constant. This
assumption may be true for the neutron sensitivity of the TE-TE chamber,
which remains approximately constant (ﬁgure 3.3). However, the neutron
sensitivity of the Mg-Ar chamber kU increases with the neutron energy. In
spite of that fact, it must be noted that the sharpest increase in the Mg-Ar
sensitivity takes place between 8 and 16 MeV, an interval which is outside
of the MedApp neutron energy region [Wat79].
A second source of error may be the fact that the geometrical centre of the
chamber is taken as the point of measurement while it is not the eﬀective
point of measurement. The change of densities between the void volume and
the walls in the chamber produce an alteration of the scattering and atten-
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Depth[mm] Neutron dose rate[Gy/min] Gamma dose rate[Gy/min] Total [Gy/min]
30 0.442 0.228 0.669
30.5 0.441 0.225 0.666
37 0.398 0.221 0.619
37.5 0.395 0.221 0.616
44.5 0.355 0.215 0.569
47 0.340 0.212 0.553
47.5 0.338 0.212 0.550
74.5 0.212 0.185 0.397
75 0.211 0.184 0.395
104.5 0.125 0.155 0.279
105 0.124 0.154 0.278
114.5 0.106 0.145 0.252
115 0.105 0.145 0.250
Table 3.4: Measured depth-dose rates in a water phantom
Figure 3.2: Depth-dose rate curves in a water phantom with a collimator
aperture of 9x9 cm2
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Figure 3.3: Neutron sensitivity of Mg-Ar and TE-TE chamber relative to
the sensitivity to 60Co gamma rays [Wat79]
uation of the radiation. Because of this, the eﬀective point of measurement
is displaced. Conventionally, for thimble chambers a displacement of 1/3 of
the radius in the deeper direction is assumed2.
3.1.1 Ionization chamber principle
Ionization chambers measure absorbed dose via measuring collected charge.
Ionization chambers consist of a gas volume between two electrodes con-
nected to a high voltage supply. If the voltage is too low, the charged par-
ticles produced by the radiation recombine with another. That is why they
must be operated at voltages in the saturation region (typically 100 to 1000
V3), that is the region in which the voltage is big enough to cause complete
collection of all the charge produced without allowing the recombination.
The chambers, which were used for the measurement are Thimble ionization
chambers (ﬁgure 3.4), composed of a central electrode inside of a cylindrical
2A closer study of this phenomenon was made by M. Jungwirth [Jun09b]
3values taken from the PTW catalogue (pdf.directindustry.com/pdf/ptw-freiburg-
23675.html)
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electrode [Che03].
Figure 3.4: Thimble ionization chamber, image from the PTW catalogue
3.2 Validation of the Mg-Ar and TE-TE chambers
with a MCNPX model
The geometry of the ionisation chambers (with the design provided by PTW-
Freiburg) was modelled in MCNPX (see appendix A). The geometry was
slightly simpliﬁed (see ﬁgure 3.5). This model was based on the work done
by M. Jungwirth [Jun09a]. The ionisation chambers have identical geome-
tries and diﬀer only in the materials for the electrodes and gas. The elemental
composition of A150 and TE-gas have been chosen according to the ICRU
Report 46 [oRUM92], Magnesium and Argon were assumed to be of a 100%
purity. The chambers have a wall thickness of 3 mm and they are operated
at a voltage of 300 V. The chambers are enclosed in a PMMA tube (3.25
mm thick wall) in order to protect the chambers during the measurements
in the water phantom, that is why the PMMA tube was also included in
the MCNPX model. Each chamber was simulated inside the water phantom
at diﬀerent positions. Simulations were carried out each 0.5 cm in order to
obtain data from the surface of the water phantom (4 cm depth) to a deeper
region (14 cm depth).
The simulation mode of MCNPX was set to N P E H: that means that
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Figure 3.5: MCNPX geometry used for the simulation of the ionization
chambers
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all the collisions may create secondary electrons. The secondary particles
(electrons and protons) produced respectively by the interaction of photons
and neutrons are scored with tally 6 in the gas cells. Tally 6 scores energy
deposition per unit mass, directly assuming that the secondary particles are
absorbed locally.
In order to reduce the calculation time, the electron and proton importance
was set conveniently in diﬀerent cells. For instance, the importances of
electrons and protons were set to 0 in cells from where the particles will
not reach the ionisation chamber in order to prevent the calculating in these
regions. Moreover, around the chamber, diﬀerent cells were modelled in
order to enable the gradual increase of the importance of the neutrons and
photons (see ﬁgure 3.6). The maximum particle importance was set in the
region of the gas in the ionisation chamber. In this region, the card FCL
(forced collision card4) was also used in order to force a collision for each
particle and thus obtain a larger production of secondary particles. This
variance reduction technique allows to have less variance in the scored energy
depositions of the secondary particles for the same simulation time.
Figure 3.6: MCNPX model of the Ionisation chamber in a water phantom.
Cells were modelled around the chamber in order to enable the gradual
increase of the importance of the neutrons and photons.
4for more information see section 4.3.3
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Figure 3.7 shows the energy deposition in the gas of the TE-TE ionisation
chamber per unit mass along the water phantom. This tissue equivalent
chamber presents as expected neutron and photon sensitivity.
Figure 3.7: Calculated energy desposition per mass in the tissue equivalent
ionisation chamber
Figure 3.8 shows the energy deposition in the gas of the Mg-Ar5 ionisation
chamber per unit mass along the water phantom. Unlike the results of the
other chamber, there is no energy deposition of protons. Due to the ab-
sence of hydrogen in the chamber, the neutrons entering the chamber do
not produce recoil protons. As expected, for the Mg-Ar ionisation chamber,
the neutrons contribute only about 2% of the total measured dose in the
MedApp beam.
5It is important to use in the simulation Ar cross section which takes into account the
gamma ray production cross section. A lack of this, generates unsatisfactory results as the
energy which should be transported by the photons, is completely deposited at the point
of the interaction as the heating numbers are adjusted to the missing gamma production.
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Figure 3.8: Calculated energy deposition per unit mass in the Mg-Ar ioni-
sation chamber
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3.3 Results of the simulation of a depth-dose dis-
tribution in a water phantom
Simulations with MCNPX and SERA were carried out in order to compare
the results and test the suitability of SERA. For both simulations, the col-
limator ﬁeld was set to 9x9 cm2 and the MedApp neutron spectrum was
simulated. The water phantom used for the experimental measurements in
the patient room of the MedApp facility was modelled. A description of
SERA inputs can be found in appendix B.1.1.
For obtaining the depth-dose curve with MCNPX, the TMESH card type
1 was used. This tally card with the PEDEP option allows to score the
average energy deposition per unit volume for each particle type scored in
[MeV/cm3/source_particle]. In order to compare the values calculated with
the experimental ones [Gy/min], a unit conversion is necessary.
Figure 3.9 represents the neutron depth dose rate and secondary gamma
depth dose rate obtained with MCNPX and SERA simulations as well as
the values of experimental measurements in the patient room of the MedApp
facility.
The neutron doses derived from the SERA simulations are in good agreement
with the values measured in the MedApp facility room with the ionization
chambers and the MCNPX simulation. The underestimation of the fast dose
which is reported in other publications [Goo02] was not observed.
Figure 3.10 shows the neutron depth dose rate obtained with MCNPX. There
is a clear jump after the ﬁrst 20 mm, that is explained because in the ﬁrst
20 mm the beam travels through the PMMA walls which have an hydrogen
content of 0.057 atoms/cm·barn and after that the beam travels through
water which has a higher content of hydrogen atoms per volume, 0.067 hy-
drogen atoms/cm·barn. This explains why the neutron dose rate in PMMA
is smaller than in water.
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Figure 3.9: Neutron depth dose rate and secondary gamma depth dose rate
in a water phantom. (Dose rate in PMMA wall was not simulated.)
Figure 3.10: Neutron depth dose rate in a water phantom with 2 cm thick
PMMA walls
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3.4 Neutron behaviour in diﬀerent materials
In order to study the behaviour of the radiation with diﬀerent materials, 3
simulations were carried out in SERA using a cube phantom model with the
same dimensions and source description but ﬁlled with diﬀerent materials
(see table 3.5):
• cube phantom ﬁlled with water
• cube phantom ﬁlled with skeleton-cranium_ICRU_46
• cube phantom ﬁlled with brain_ICRU _46
Cranium brain water
Density[g/cm3] 1.61 1.04 1
H 5.0 10.7 11.19
C 21.2 14.5 -
N 4.0 2.2 -
O 43.5 71.2 88.81
Na 0.1 0.2 -
Mg 0.2 - -
P 8.1 0.4 -
S 0.3 0.2 -
Cl - 0.3 -
K - 0.3 -
Ca 17.6 - -
Table 3.5: Elemental composition (in weight%) of cranium, brain and water
[oRUM92]
As already discussed in previous chapters, fast neutrons induce the fast dose
by elastic scattering on hydrogen nuclei. So the dose will depend on the hy-
drogen content of the diﬀerent materials. In order to compare the hydrogen
content, table 3.6 shows the elemental composition converted into atoms per
volume [atoms/barn· cm].
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Cranium brain water
H 0.048 0.06648 0.06668
C 0.017 0.00757 -
N 0.003 0.00098 -
O 0.002 0.02787 0.0334
Na 0.00004 0.00005448 -
Mg 0.00006 - -
P 0.0024 0.00008 -
S 0.00008 0.000039 -
Cl - 0.000053 -
K - 0.000048 -
Ca 0.004 - -
Table 3.6: Elemental composition (in atom/barn·cm) of cranium, brain and
water
As expected, ﬁgure 3.11 shows that the phantom with the material contain-
ing more hydrogen atoms per volume (water) is the one which shows a larger
dose on the surface. The hydrogen content in the brain is very similar to
the hydrogen content in the water, that is why the depth-dose curve is very
similar. The skull contains less hydrogen atoms per volume than water or
brain, therefore, the dose on the skull surface is lower than in the other two
materials.
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Figure 3.11: Depth-dose curves for diﬀerent body materials
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ImageJ: voxel phantoms tools
Between the programs listed in chapter 2, the application of ImageJ Voxel
Phantoms tools [Góm07] combined with MCNPX was chosen for a closer
study. This application enables to create an MCNPX input ﬁle for a voxel
phantom starting from CT data of a patient.
Originally, the Voxel Phantoms Tools was an application for dosimetry in
case of internal radiotherapy (the source is an organ of the body of the pa-
tient, in which radionuclides were administered). The available modes of
the original Voxel Phantoms Tools application for the creation of the MC-
NPX input are the photon and electron mode. As the radiation beam of
the MedApp facility in FRM II is an external source mainly composed of
neutrons mixed with photons, a modiﬁcation of the application was needed.
Modiﬁcations on the macro script were made in the material cards in order
to include neutron cross-section libraries, the .66c cross-sections available in
the ENDF/B VI data set1 were used for that purpose [McL96]. Moreover,
the script was also modiﬁed in order to include the external source and its
group distribution as well as additional geometry, e.g. the collimator.
Before the use of that application, the CT data have to be segmented. So
the creation of the voxel phantom is mainly divided in two steps:
1Evaluated Nuclear Data Files from the National Nuclear Data Center at Brookhaven
National Laboratory
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• The segmentation of the regions of interest of tomographic data which
will be performed with the Segmenting Assistant.
• The creation of the MCNPX input ﬁle for the segmented phantom
which will be done with the Voxel Phantoms tools.
Figure 4.1 presents an overview of the main steps to be followed in order
to obtain the dose distribution in a patient with the help of ImageJ and
MCNPX.
Figure 4.1: Diagram of Image J: steps for obtaining the dose distribution
calculation with Image J and MCNPX
4.1 Segmenting Assistant
In order to assign each region to their corresponding material in the Voxel
Phantoms tools application, the diﬀerent organs and region of interest have to
be segmented. Manual segmentation of CT or MRI images is time consuming
and the accuracy depends on the operator ability. That is why numerous
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automatic segmentation methods have been developed. Nevertheless, be-
cause of the image noise, the poor contrast, and the presence of artefacts
surrounding the objects of interest, the automatic segmentation is limited.
For these reasons, the semi-automatic methods are particularly interesting
because they allow the user to interact with the program.
It has to be taken into account that the segmentation of MRI-images or CT-
images shows underlying diﬀerences. On the one hand, CT images have very
good bone deﬁnition and low image noise, but the soft tissues contrast is low.
Due to the Hounsﬁeld scale, a segmentation of CT-images using thresholding
can be performed. On the other hand, MRI-images present very good soft
tissue resolution, but because of the high noise presence and the very poor
bone information, the threshold segmentation of the MRI-images is limited.
The Segmenting Assistant plugin created by Mike Miller2 is a helpful tool
for the anatomy segmentation of medical image; it belongs to the group of
semi-automatic segmentation programs. It works with 8 and 16 bit images
and even with stacks. A closed region of interest has to be drawn, and after
that the SegmentingAssistant plugin has to be run. The program will deform
the initial geometry region to ﬁt the shape onto the contours of the image.
The user can interact with the segmentation by changing the parameters of
the segmenting assistant panel which is shown after running the plugin (see
ﬁgure 4.2).
The following steps describe the main actions which have to be done with
the segmenting Assistant:
1. Draw a closed region, for example an ellipse.
2. Open the Segmenting Assistant plugin
3. Vary the parameters of the segmenting Assistant panel
4. Open the ROI Manager3 and select the Add Button in order to add
2http://mypage.iu.edu/ mmiller3/ImageJ/SegmentingAssistant.html
3ROI Manager can be found in Analyze>Tools
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Figure 4.2: Segmenting Assistant panel in ImageJ
the region selected to the ROI Manager list
5. Choose a colour
6. Select the Fill button in the Segmenting Assistant plugin so as to ﬁll
the region selected with the colour chosen.
7. Select the set new ROI button and start a new segmentation
A usual problem is that the segmenting tool traces more pixels than ex-
pected. In order to avoid this, the user can draw a line with the same colour
as the image background so as to separate the regions. After that, by help
of the outline button, the region will be excluded (ﬁgure 4.3). Colours can
be picked up from the image using the colour picker tool to obtain the exact
colour of the background. After double click at the colour picker icon, the
user can pick a point in the image and the colour will be set to the colour of
that point.
For small objects, that do not appear in the majority of the slices, a manual
deﬁnition of the objects may be practical. This is possible with tools such as
pencil tool or paintbrush tool. By clicking the right mouse button, the pencil
or the brush width can be adjusted.
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Figure 4.3: Segmentation with Segmenting Assistant. Left: drawing of
a closed region of interest. Middle: contour made by the program after
modiﬁcation of the parameters of the segmenting assistant panel. Right:
contour obtained after the drawing of the separation lines
The voxel phantom tool application which has to be used in the second step,
admits only the 8-bits format and the program recognizes the diﬀerent colour
tones. To facilitate the segmentation, the user can work with the 8-bit colour
type, thus the segmentation is not limited to the gray scale but to the entire
colour range. The user can colour the diﬀerent regions of interest with a
diﬀerent colour to better distinguish the diverse regions. It is important to
note that every single pixel must be related to a material. In order not to
miss any pixel, it is recommended to use the options XOR, OR, AND etc.
under the more sub-menu of the ROI manager in imageJ. This option sets
a diﬀerence between two regions so that all the pixels are within a region or
another (ﬁgure 4.4).
4.2 Voxel Phantoms tools
The Voxel Phantoms tools plugin [Góm07] oﬀers the possibility to convert the
segmented patient CT-data into the lattice format of MCNPX to create an
input ﬁle for a voxel phantom. The MCNPX code enables the representation
of complex structures, e.g., a human body as a lattice of individual cubic
cells, each cell is ﬁlled with a material of speciﬁc composition and density .
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Figure 4.4: Segmentation of a brain with Segmenting Assistant for imageJ
using the XOR function
Each material of the phantom is represented by a universe and the lattice is
ﬁlled by the diﬀerent universes4, these concepts are further explained in the
sub-section 4.3.2 . The Voxel Phantoms Tools consist of two macros (ﬁgure
4.5):
• The change organs ID Action tool: this application allows the user
to change organs ID5 in a voxel phantom
• The create VXPhantom Action tool: this application enables the
creation of a MCNPX input ﬁle for a voxel phantom.
Figure 4.5: Voxel Phantoms Tools macros: Change organs ID and Create
VXPhantom
The input ﬁle for the Voxel Phantoms Tools application is a 8-bit segmented
image stack consisting of up to 256 indexed organs or tissues. The change
4Collection of cells which can be used to ﬁll other cells within a geometry
5Organ identiﬁcation number
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organs ID tool allows to relabel the diﬀerent regions from 0 to 255, including
the region outside the body of the phantom. It has to be noted that if the
user labels the region around the phantom with the ID 0, future problems
may be avoided. After that, the macro Create VXPhantom can be run. The
user can indicate the ID number of the background colour (usually 0) so that
the program can identify which voxels are outside the body and even remove
unnecessary voxels outside the body in order to decrease the simulation time
afterwards. In the followings steps, the user should indicate diﬀerent charac-
teristics of the simulation such as the particle source, the voxel dimensions,
or indicate the material number for every tissue and organ. A list of 40
predeﬁned materials is available, where the composition and density of the
main tissues and organs is deﬁned. The material deﬁnition is based on the
report of H. Akkurt and K. F. Eckerman [Akk07] and the ICRU-44 data (In-
ternational Commission on Radiation Units and Measurements) [oRUM92].
Besides, the user can specify any other composition by choosing the material
numbers from 38 to 100.
In this work, the script of the original macro was modiﬁed so that a complete
MCNPX input ﬁle will be generated. All the inputs needed by the program
to create the MCNPX input ﬁle, can be indicated by the user by following
the instructions of the pop-up dialogue windows (ﬁgure 4.6). Finally, the
MCNPX input ﬁle will be created in the ImageJ/ directory.
Figure 4.6: Pop-up dialogue windows for the characteristics description of
the MCNP/MCNPX input ﬁle: pop-up window for the source characteriza-
tion
A dialogue box appears when running the program so that the user can
specify which is the position of the leaves of the collimator by writing the
displacement of each leaf (in cm). A positive value corresponds to a displace-
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ment of the leaf in the z-axis positive direction, and a negative value will
correspond to a displacement in the negative direction of the z-axis. So, for
the lower leafs, negative z-values have to be speciﬁed normally. If the user
chooses a displacement of the down-leafs in the positive direction, a pop-up
window veriﬁes that this is what is actually desired by the user.
The lower left corner of the CT data has always the coordinates (0,0,0). In
order to change the phantom position to the desired position, a modiﬁcation
was included in the macro script which allows to indicate a transformation
that will be implemented as a transformation matrix in the MCNPX input.
For the transformation speciﬁcation, the three coordinates of a displacement
vector (x,y,z) and the three rotation angles (α , β and γ ) should be provided,
where α is the rotation angle around the z-axis, β the rotation angle around
the y-axis and γ the rotation angle around the x-axis (see ﬁgure 4.7). With
these parameters, the macro will calculate the transformation matrix and
will include it in the MCNPX input ﬁle. The order of the composition is
at ﬁrst a rotation α around the z-axis, followed by a rotation β around the
y-axis and ﬁnally a rotation γ around the x-axis.
Figure 4.7: Rotation angles: α, β and γ
R = Rz ·Ry ·Rx (4.1)
R =

C(α) · C(β) C(α) · S(β) · S(γ)− S(α) · C(γ) C(α) · S(β) · C(γ) + S(α) · S(γ)
S(α) · C(β) S(α) · S(β) · S(γ) + C(α) · C(γ) S(α) · S(β) · C(γ)− C(α) · C(γ)
−S(β) C(β) · S(γ) C(β) · C(γ)

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The default values for the rotation angles are 0, which corresponds to the
case where no phantom rotation is necessary. The default values for the
displacement vector have been calculated so that the centre of the phantom
is aligned with the centre of the source in the y-axis direction. These values
can be modiﬁed any time according to the user's wishes.
The new version of the Voxel Phantoms Tools application is the Voxel Phan-
toms Tools for neutron transport.
4.3 Calculation with MCNPX
Voxel Phantoms Tools allows to create voxel-based patient speciﬁc geome-
tries and associates them with MCNPX. The Monte-Carlo code MCNPX has
been developed by Los Alamos National Laboratory [Pel08]. In this work,
the version MCNPX 2.7e is used. This code is an extension of MCNP to a
broader range of particles and energies. MCNPX solves transport problems
by simulating particle histories. The Monte Carlo process is based on the
obtaining of the solution by calculating random particle histories, it is an
stochastic method, the reliability of which depends on the statistical quality
of the values obtained.
4.3.1 Transport theory
As a particle travels through a cell, it should be decided whether the particle
will interact or not, in which manner and with which isotope. The prob-
ability for the particle to interact on its way through the medium is given
by a probability function depending on the total cross section, which the
program can ﬁnd in the available libraries. A random number decides if an
interaction takes place or not. The ﬁnal choice, which interaction should be
performed, is again given by a random number. For instance, let p be the
probability for the particle to interact on its way through the medium. A
random number 0 ≤ r<1 produced by the random number generator decides
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if an interaction takes place (r ≤ p) or not (r>p) [Rub08].
4.3.2 MCNPX input ﬁle
A MCNPX input ﬁle is divided in the following parts described below. The
exact description of the MCNPX input ﬁle can be found in the Manual
[Pel08].
Geometry description
MCNP geometry is deﬁned by boolean combination of surfaces. The inter-
sections (A B), unions (A:B) and complements (A #B) of diﬀerent surfaces
deﬁnes a cell. Each cell is characterized by a cell identiﬁer number, a mate-
rial and a density of the considered material. Moreover, the user can apply
some variance reduction techniques to the cell (see section 4.3.3) and include
them in the cell deﬁnition.
The repeated structures cards enables to describe the cells only once and
surfaces that appear more than once in a geometry. So a cell is deﬁned once
and repeated many times using the J like m but list construct, m being the
previously deﬁned cell number that is to be repeated and list the diﬀerent
speciﬁcations between m and J. For instance, the keyword mat is used if the
material from the repeated cell diﬀers from the original one, and the keyword
rho is used if the density diﬀers from the original cell deﬁnition.
A universe is either a lattice or an arbitrary collection of cells. Once a uni-
verse is deﬁned and identiﬁed by the U card, it can be used to ﬁll other cells
within a geometry. In that way, a FILL keyword is associated to each cell
containing a lattice. The FILL keyword speciﬁes with which universe a cell
is to be ﬁlled [Los].
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Material speciﬁcation
The materials ﬁlling the diﬀerent cells in the geometry deﬁnition have to be
speciﬁed on M cards. In contrast to the photon and electron interactions,
which are atomic in nature, neutron interactions are nuclear in nature, so
diﬀerent isotopes of an element have diﬀerent cross-sections. So all used ele-
ments have to be separated into their individual isotopes. A common choice
for the cross section compilation to be used for neutron transport is the .66c
cross-section table available in the endf60 library containing data from the
ENDF/B-VI evaluated nuclear data ﬁle [Bec07].
Source description
The general source deﬁnition (SDEF) enables the deﬁnition of the type and
position of the source, such as the sort of particle emitted, their energy and
their emission probability. The exact input format and requirements can be
found in chapter 2.2.4 of the MCNPX manual [Pel08].
Tally speciﬁcation
The diﬀerent tallies6 available in MCNPX are characterized by a tally type
number (from 1 to 8), the particle type for which the answer is going to be
analysed and the cells in which the particle count is to be evaluated. A de-
tailed description of the tallies available in MCNPX can be found in section
5.6 of the MCNPX manual [Pel08].
A very useful MCNPX tool is the Mesh Tally which is a superimposed geom-
etry. In order to process the MESH tally results, a post-processing program,
GRIDCONV, can be used. GRIDCONV converts the data arrays in MDATA
into a format compatible with external graphics packages. The Mesh Tallies
can be rectangular RMESH, cylindrical CMESH or spherical SMESH and
for each category, there are four diﬀerent types of mesh Tallies cards. These
6A tally is a virtual detector, it stores information of a region.
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four mesh-tally types are described in the MCNPX Manual [Pel08].
4.3.3 Variance Reduction
In order to achieve a statistically reasonable and accurate result, the number
of particle history simulations that are considered has to be fairly large. This
generally requires a powerful computer and a considerable computing time.
The main objective of the variance reduction techniques available in MCNPX
is to minimize the computing time needed without decreasing the accuracy
of the result. The main techniques used in this work are described below.
• Cell Importance: This technique oﬀers the possibility to assign diﬀer-
ent importance ratings to each cell. This allows to skip unnecessary
calculations in unimportant regions. If a particle coming from a cell a
with importance wa enters a cell b with importance wb > wa, the par-
ticle is split into wb/wa particles, the original weight W of the particle
is multiplied by wa/wb and transferred to the new particles [Pel08].
• Exponential Transform: The exponential transform method forces a
preferred direction by adjusting the total macroscopic cross section.
The macroscopic cross section is reduced in the preferred direction
and increased in the opposite direction[Pel08].
• Forced Collision: The forced collision card (FCL) controls the forcing
of particles collisions in each cell. Particles are split into collided and
uncollided parts. The collided part is forced to collide within the cell,
the uncollided part exits the cell without undergoing any collision. The
uncollided particle is given a weight (wuncollided) equal to the original
particle's weight times the probability of exiting the cell without col-
lision, the colliding part is given the remaining value of the original
weight (woriginal = wuncollided + wcollided). [Hus]
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4.4 Analysis of the results
In order to enable an interpretation of the results, a script was written which
superimposes isodose curves on CT images using OriginPro. Origin provides
a programming language: LabTalk [Ori10] in order to write and execute
scripts to perform analysis and graphing of their data. Once the script is
run a window appears with all the instructions to be followed:
1. Select dose input ﬁle. That is the ﬁle generated by gridconv.
2. Select CT or MR picture
3. Adjust label colour
Figure 4.8 shows an example of the results obtained for a transport simula-
tion of a wax head phantom with a collimator aperture of 9x9 cm2.
Figure 4.8: Superimposed isodose curves on CT image of a wax head phan-
tom irradiated at MedApp
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SERA Simulation
As an alternative to MCNPX combined with ImageJ, SERA features will be
studied in this chapter. As already mentioned in section 2.1, the Simulation
Environment for Radiationtherapy Applications (SERA) system was devel-
oped by the INEEL/Montana State University group [Wes02]. This system
uses a tailored Monte Carlo code called seraMC based on multigroup pho-
ton and neutron cross sections libraries. SERA oﬀers very good options to
display isodose graphics and to place the beam on the desired position with
graphical support. However, it needs some input ﬁles which are laborious
to write and errors may occur frequently. In order to make SERA more
user friendly, a Perl script was written and a description of the main steps
followed are described in chapter 6. Before the detailed description of the
steps, a presentation of the program is necessary. The main purpose of this
chapter is to introduce SERA and its main advantages to the reader. The
following explanations are based on the SERA manual [Wes02]. For further
information, the reader can always refer to the manual.
5.1 SERA Modules
SERA is divided into seven diﬀerent modules which are accessible from the
seraMenu (see ﬁgure 5.1). A short description of the main features of each
module is presented below. Figure 5.2 shows an overview of the main steps
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to be followed in order to perform a treatment plan.
5.1.1 seraImage
The treatment planning usually begins with this module. Its main function
is to convert the input data ﬁles of the patient CT or MRI images into a
format that can be read by the seraModel module. Thus two combined ﬁles,
.qhd and .qim, are created. This way, the images are prepared for the next
step in SERA. These ﬁles may be loaded into the seraModel and the sera-
Dose modules.
5.1.2 seraModel
This module makes it possible to segment the main organs and regions of
interest of the patient CT data and assign each body (each segmented part)
to its corresponding material. An example of a segmentation process is
described in chapter 6. SeraModel generates the univel-based1 regions of
interest that correspond to the patient model used by the seraCalc module
for the radiation transport simulation (section 5.1.4). Two combined ﬁles
(.uv/.uvh), that describe the geometry of the model and the physical prop-
erties of the univels, are created. These ﬁles may be loaded into the sera3d
module and seraCalc module.
SeraModel has seven edit modes for image segmentation, which are accessible
from the edit regions menu (see ﬁgure 5.3):
• Threshold Mode: this module works by deﬁning minimum and max-
imum pixel brightness values which will deﬁne a certain region. The
desired range of intensity can be set by the user. This method can be
used when working with CT data, but even in this case it is rarely use-
ful for a complete segmentation. However, if the patient images have
a high contrast, high uniformity and low noise, this method can save a
1SERA produces a patient model using uniform volume element univel, which may be
so small as a voxel (3D pixel)
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Figure 5.1: seraMenu: SERA main menu
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Figure 5.2: Diagram of the main steps of Dose Plan with SERA
Figure 5.3: Edit modes in seraModel
lot of work. This method does usually not work for making the whole
image segmentation, but it is useful for deﬁning the buﬀer region. An
example of the use of the Threshold mode for the buﬀer segmentation
is described in section 6.2.2.
• Manual Draw Mode: This module enables the user to deﬁne man-
ually the bodies with ﬁve paintbrush sizes. The overwrite option box
allows switching between three options:
 Don't Overwrite: only allows the user to draw on unlabelled re-
gions and allows the user to erase only the current region selected.
This option prevents damage to previously segmented regions.
 Overwrite all: allows drawing and erasing in every region.
 Overwrite Selected: allows the user to select which regions may
be erased or overwritten.
• Fill Mode: This mode allows to ﬁll in regions once its borders have
been deﬁned. Moreover this feature is used to ﬁll between previously
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deﬁned bodies. An example of the use of this feature is described in
section 6.2.2.
• 3D Grow Mode: Once a body is deﬁned in one slice, it will be used
as base growth index and this tool will try to deﬁne that body in other
slices. The slices in which the body will be deﬁned will be selected
with the start and end index.
• Copy Body Mode: This feature is used to copy a body from one
slice to an other slice. If the position and shape of the body do not
change much from slice to slice, this mode may be time saving.
• Make Margin Mode: This mode is very useful for deﬁning the target
region, which surrounds the tumour region. This feature creates a
region (e.g. the target) of a speciﬁed thickness surrounding the source
region (e.g. the tumour). The user has to specify which region will be
overwritten.
• WandMode: this tool is also a thresholding tool, the diﬀerence is that
this mode uses the pixel value directly under the cursor to threshold
instead of taking into account a region.
5.1.3 sera3d
Sera3d displays the 3D patient geometry by loading the .uv ﬁle generated by
seraModel. This module allows the user to visualize the regions created in
the segmentation. There are diﬀerent visualisation modes, in which all the
regions or just some of them are shown by picking the bodies which have to
be shown in the bodies list in the right corner of the sera3d window. There
are diﬀerent display modes, the user can for example change the opacity of
the bodies in the body transparency control panel, or change the colour in
the body colour control panel. The main function of this module is to help
the user to place the beam interactively with the image. Information about
the procedure to place the beam is given in section 6.2.3.
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5.1.4 seraCalc
SeraCalc is the interface of SERA for transport calculation. The seraCalc
window is divided into four columns: the File columns, the Control column,
the Positioning column and the Tally column.
Files Panel
Using the modules described above, the user is able to prepare the ﬁles re-
quired by seraCalc. The seraCalc Files Panel (ﬁgure 5.4) needs the following
ﬁles:
• Save Directory ﬁeld : speciﬁes the name of the working directory to be
used for the seraMC calculation.
• CG Geom File Name: speciﬁes the combinatorial geometry (CG) space
for the problem. A ﬁle with the extension .geom is needed. A Perl
script (patient.pl) was written in order to generate automatically this
.geom ﬁle for MedApp (see 6.2.4). A more detailed description of this
ﬁle can be found in appendix B.
• Patient Geom File Name: deﬁnes the geometry of the patient. A ﬁle
with the extension .uv is needed, which is generated by the seraModel
module (section 5.1.2).
• Old RST File Name: provides a restart capability for seraMC. For
calculations that do not utilize the restart capability, the old restart
ﬁle name should be speciﬁed as none. For further information see
[Wes02] on page 67.
• New RST File Name: provides the restart ﬁle to be created by the
present seraMC calculation. A name with the extension .rst should be
speciﬁed.
• Source File Name: this ﬁle describes the neutron and gamma source.
The above mentioned script patient.pl generates also the .source ﬁle
required. A detailed description of the source ﬁle contents and formats
may be found in appendix B.
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• Material File Name: the material ﬁle seraMC.mat2 contains nuclide
density composition speciﬁcations for a list of materials useful for clin-
ical radiation therapy.
• Cross Section File Name: The cross section ﬁle seraMC.sigma3 in-
cludes the neutron and gamma cross section data for the nuclides con-
tained in the material ﬁle.
• seraMC Run Script : The seraMC script4 invokes the seraMC transport
module, which is a tailored Monte Carlo code based on multigroup
photon and neutron cross sections libraries (see section 2.1).
Figure 5.4: Files Panel in the seraCalc window
Control Panel
The control panel (ﬁgure 5.5) provides the information about the number of
particle histories and the run modes. The panel is divided into four ﬁelds:
• nbatch: provides the number of statistically independent batches of
neutron histories.
2The material ﬁle seraMC.mat may be found in the folder
$SERA_HOME\Resources\SeraMC
3The cross section ﬁle seraMC.sigma may be found in the folder
$SERA_HOME\Resources\SeraMC
4The seraMC script may be found in the folder $SERA_HOME\Target\bin
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Figure 5.5: Control Panel in seraCalc window
• nhist: speciﬁes the number of neutron histories to run in each batch5.
• Run directives: provides which calculation modes (see table 5.1) are
to be invoked in seraMC. The allowed run directives combinations are:
NFGD, NFD, NGD, FGD, UPGD, UPD, UGD, PGD, ND, FD, GD,
UD and PD. A typical run directive for MedApp would be NFGD.
N normal neutron calculation
F biased fast neutron calculation
G gamma calculation
U ultrafast neutron calculation
P ultrafast recoil proton tracking
D edit
Table 5.1: Run directives for seraMC [Wes02]
• run date: allows the user to specify the date.
Positioning Panel
This panel (ﬁgure 5.6) enables the user to specify the beam orientation.
The positioning is speciﬁed through four parameters:
• T: target point location is given in the model coordinate system. It
provides the centre of the point where the centre of the source is aimed.
• Zb: distance between the source and the target point
5The total number of histories are divided into batches. The batches are statistically
independent samples, each with a certain number of trials (histories).
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Figure 5.6: Positioning Panel in seraCalc
• phi: angle (in degrees) between the superior axis and the desired beam
location.
• theta: angle (in degrees) between the right axis and the desired beam
location.
Tally panel
The tally panel (ﬁgure 5.7) provides the parameters of the overlying 3D edit
mesh6.
Figure 5.7: Tally panel in seraCalc
It is composed of the following ﬁelds:
• origin: speciﬁes the (x,y,z) coordinates of the centre of the edit mesh.
• nedit2: provides the dimensionality of the edit mesh array. The maxi-
mum is 30.
• delw: provides the size (in cm) of each mesh element. Since the mesh
element is a regular cube, only one dimension needs to be provided.
6The edit mesh is a cubic grid of uniform cubic voxels.
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• wncut: determines the minimum weight allowed for neutrons in the
particle history simulation. For instance, if wncut=0.01: when a parti-
cle weight falls below this limit, a binary decision is made: the particle
weight may be doubled and tracking continued, or the particle history
may be terminated.
5.1.5 seraPlan
SeraPlan module allows the user to combine ﬁelds or fractions from several
independent transport calculations. Edits7 can be performed with the edit
directives menu in seraCalc module or with the seraPlan module. For patient
cases, it is recommended to use seraPlan module, which is more user friendly.
The edit directives of seraCalc will only be used for cases, where there is no
patient model (see appendix B.1.1), for example, for water phantom simula-
tions where the edits cannot be performed with the seraPlan module.
Doses may be calculated at a point, along a line, as contours on a plane or
they may be integrated over a volume. The program can perform standard
edits and in addition to this, the user can specify up to 20 additional point
edits, 10 line edits, 10 volume edits and 4 contour edits. Detailed informa-
tion about the edit directives in seraPlan may be found below.
The seraPlan module is divided into two main columns:
• SERA Plan Combination Utility: this column provides the information
about the number of days of treatment (fractions) and the diﬀerent
beam placements in each fraction (ﬁelds per fraction).
• SERA Plan Edit Tool: with this tool, the user can provide the reference
dose options with a volume or a point. For instance, if the user select
the point (0, 0, 0) as a reference for the dose, the dose at that point and
all higher dose will be considered as 100% for the isodose in seraDose.
7SeraPlan edits are a variety of parameters to characterize the treatment plan.
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User-deﬁned Edits Input Data
The edits input data are activated from the Edit menu. Four diﬀerent edit
inputs can be chosen. First of all, the number of the particular edit type
desired has to be set in the pop-up window which appears after selecting the
desired type. After that and selecting again the desired type, a new pop-up
window will display the required data for each type. After saving the data
the done button will close the pop-up. Contour edit generates three ﬁles,
(.chd) for general information about the contour planes, (.cdf.sz) for dose
data and (.cmf.sz) for mask information. Point edits are written to the .edit
ﬁle, line edits are written to the .lin ﬁle and Dosevolume histogram edits
are written to the .dvh ﬁle.
If the Perform standard edits check-box is toggled on, seraPlan will pro-
duce standard edits (see section 6.2.6).
5.1.6 seraDose
The seraDose module displays dose contours in two dimensions. This mod-
ule can be run from the seraMenu. Once run, two windows appear: one
is the main working window and the other one is used to view single im-
ages. Diﬀerent dose components can be displayed, the most interesting dose
components for the MedApp facility are the following:
• Fast dose: induced by proton recoil from fast neutron interactions,
1H(n,n')1H
• Gamma dose: coming from the reactor as well as the photons produced
by interactions in tissue 1H(n,γ)2H
• Nitrogen dose: 14N(n,p)14C
• Total dose: sum of all the dose components.
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Sera: example case
In this chapter, an example case of the generation of a full treatment plan
will be discussed in order to explain some details of the program which may
not be evident for a novice user. The following steps and explanations are
based on the SERA manual and for further information, the user can always
refer to this manual [Wes02].
Attention! SERA may crash if the user makes certain wrong action. For
this reason, it is highly recommended to follow the instructions very carefully
and save frequently the work done.
6.1 Case description
The example case is the irradiation of a tumour on the left side of the brain1.
For this case, a collimator aperture of 3x3 cm2 will be used. The distance
between the patient and the source will be around 590 cm, as this distance
is the usual distance for the MedApp facility (ﬁgure 6.1). The patient model
will be generated from MRI data ﬁles in DICOM format. The 3D patient
model is created starting from 37 MRI slices of the patient's head. The pixel
size is 1,56 mm and the slice thickness 5 mm. The SERA source description
1This kind of tumour is not treated at MedApp, however the CT of this patient were
available for the example. In any case, the procedure for a tumour located elsewhere is
the same.
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includes the 42 neutron energy groups and angular distribution in one direc-
tion.
Attention! The sera3d module will not properly render data sets with slice
dimensions larger than 256x256. This fact may complicate the beam posi-
tioning (see 6.2.3).
Figure 6.1: Geometry representation of the SERA input
6.2 Sera step by step
In order to perform the transport calculation, three input ﬁles are basically
needed:
• ﬁle with the extension .uv: the patient model
• medapp.source: ﬁle which describes the MedApp source, its collima-
tor and the buﬀer region, which is the region surrounding the patient
geometry (see ﬁgure 6.1).
• geom.cg: ﬁle which describes the region ﬁctitious, which is the outside
space.
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For creating these ﬁles, the user has to use the diﬀerent SERA modules,
which were brieﬂy described in chapter 5.
Attention! In most cases, the ﬁles generated by the Sera modules are cre-
ated in pairs (e.g.: .uv/.uvh, .qim/.qhd, .chd/.cdf.sz and .chd/.cmf.sz). In
order to use one of the ﬁles, its corresponding pair must be in the same
directory!
6.2.1 seraImage: conversion into internal SERA format
To generate the ﬁrst input needed by seraCalc, the patient model, several
steps have to be performed. First, the CT data have to be read and con-
verted into an internal SERA format. For this, the module seraImage has to
be opened and the DICOM ﬁle has to be loaded. Sometimes, the CT data
have some black images that do not contain any information and they can
be removed. If that is the case, select the Start Move/Remove button and
select the black images and remove them with the Remove Marked Images
button (compare ﬁgure 6.2 ). The images can be selected with the right
mouse button. Then in the ﬁle menu, the ﬁles have to be saved in QSH for-
mat (click Save QSH). Two combined ﬁles with the extension .qim and .qhd
will be generated. If the slice dimensions are larger than 256x256, sera3d
will not work properly. This fact complicates the beam positioning.
6.2.2 seraModel: image segmentation
The next step is the segmentation of the main organs and region of interest
of the patient CT data and to assign each region to their corresponding
material. For this, the seraModel module has to be opened. First of all, the
program asks the user to choose the body data and material ﬁles2 . Once
these ﬁles are loaded, the .qhd ﬁle generated by seraImage can be loaded. A
new window will pop-up (see ﬁgure 6.3). The user is asked to provide some
2The body data and material ﬁles are stored in the sera1/Resources/Shared folder
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Figure 6.2: seraImage module: Move/Remove option
information about the CT data such as modality, slice orientation, pixel size
etc.
Figure 6.3: QHD keys in seraModel module
Properties such as the number of columns, the zoom or the window size can
easily be changed and adapted to suit the user. Before deﬁning the regions,
the ﬁrst thing to do is to include all the bodies and their material through
the Edit Bodies/Materials button in the Setup mode of the Edit Regions
menu (ﬁgure 6.4). The colour used to display each body in the image can
be chosen by clicking in the colour area next to the body name in the Edit
Regions column.
Under each image there is an option to open an edit window which is very
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Figure 6.4: Edit bodies and materials window in seraModel
useful for working on the image. In order to deﬁne the diﬀerent regions,
seraModel has seven region editing modes. The user does not always need
to use all the seven modes for the segmentation process. Since every image
quality is diﬀerent and every part of the body has diﬀerent requirements, it
is very diﬃcult to describe a valid procedure for segmentation that will work
for all cases. Nevertheless, a description of a possible procedure is made
below in order to help the users in their ﬁrst attempts until they become
experienced and ﬁnd the modes that best suit them.
In order to begin, the best option is to delimit the region outside the body:
the buﬀer region. The buﬀer is a special body surrounding the patient model,
this region should be only outside the patient geometry, if an interior region
is assigned to the buﬀer region by mistake, an error will occur in particle
tracking. For the buﬀer delimitation, the Threshold Mode is a good option.
The ﬁrst step is to pass the cursor over a region in the buﬀer, while holding
down the middle mouse button (see ﬁgure 6.5A). A recommended threshold
range will be set automatically be SERA. The user can modify it by mov-
ing the low and high threshold until obtaining the desired range (see ﬁgure
6.5B). The main purpose is to select all the pixels outside the body. How-
ever, regions inside the body may also be selected (see ﬁgure 6.5C). That
is why the button Fill Connected Only should be toggled on. When the
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desired region is obtained, the user has to activate the buﬀer region on the
edit regions column and, while the cursor is in the region to be thresholded,
press the left button of the mouse (see image D in 6.5).
Figure 6.5: Segmentation of the buﬀer region with seraModel module
After the buﬀer delimitation, the relevant regions have to be segmented. The
user may try the diﬀerent modes in the edit region. It is recommended to
try ﬁrst to segment the desired region with the Threshold Mode. However,
the chances that this mode will not work are high. If that is the case, a
possible solution is to segment a part of the region with the threshold mode
and correct it with the Manual Draw mode. The brush size can be chosen as
in other drawing programs. It is recommended to pick the Don't Overwrite
option located under the brush size selection, in order to avoid overwriting
other regions. The left mouse button enables to draw, the middle mouse
button to erase and the right mouse button may be used to ﬁll in a region
with previously deﬁned boundaries.
Once the important regions are segmented and if all the other unlabelled
pixels belong to one unique body, the user may use the ﬁll mode with the
middle mouse button in order to ﬁll the region between the other bodies. For
instance in the image A of ﬁgure 6.6, the buﬀer (blue), the brain (pink) and
the scalp (green) bodies are already deﬁned and the region between them
should be segmented. In order to ﬁll the region in between, the user has to
pick the ﬁll mode and the middle mouse button should be hold down while
the cursor is in the region to be thresholded.
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Figure 6.6: Example of the use of the ﬁll mode in seraModel module
Most of the time, the target and the tumour are not the same region, as
tumour cells can be found outside the main tumour mass. The make margin
mode enables to create a region (the target) surrounding another one (the
tumour) by overwriting a third region (in this case the brain). The thickness
of the target region has to be speciﬁed by the user.
Finally, it is important to know that in order to assure a reliable transport
simulation, all the pixels have to be assigned to a body. The code will warn
the user if there are unassigned pixels with a warning window (ﬁgure 6.7),
that pops up when the user tries to save the regions.
Figure 6.7: Example of a warning window for unlabelled regions
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A very useful tool for the segmentation process is the undo button at the
bottom of the edit regions column. The segmentation process can take days
and SERA can crash. Therefore, it is highly recommended to save the work
frequently. When saving the work, the program will generate two combined
ﬁles (.uv/.uvh). In order to open them and continue the work after a SERA
shut-down, the user has to load ﬁrst the images (.qhd ﬁle) and after that
the bodies. For loading the bodies (.uv ﬁle), the user will be asked to enter
before the ﬁducial and constraint marker ﬁles3.
6.2.3 sera3d: beam positioning
The beam is positioned using Sera3d. Sera3d has to be started and the
regions (.uv/.uvh) generated by seraModel have to be opened. The main
purpose of this step is to place the beam pointing at the tumour. This
module oﬀers diﬀerent display possibilities. One functional option to place
the beam is to display just the scalp and the tumour, setting the tumour
opacity to 100% and the scalp opacity to 40% (see ﬁgure 6.8).
Once a view style that suits the user is chosen, the user has to select the
beam controls control panel in the control panels. The option Beam in use
has to be set to Interactive Beam, in order to see the beam in the display
window. After that, the I-Beam Controls option has to be selected, and a
window will appear. The easiest way of placing the beam is to set the start
Point with the coordinates of the centre of the source (0, 0, 590), which are
deﬁned in the ﬁle with the extension .source and then play with the end
point coordinates so as to determine the position of the desired point (see
ﬁgure 6.9).
It is highly recommended to check from all angles if the position of the beam
is the desired one. Pick the mouse control panel, and rotate the head in
order to check it. Once the position is determined, the user has to write
down the target coordinates in order to use them in seraCalc.
3The ﬁducial and constraint marker ﬁles (Fiducial.txt.sz and Constraint.txt.sz) are not
installed in the default installation process. They can be found in the CVS repository of
SERA and have to be copied to the folder sera1/Resources/SeraModel
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Figure 6.8: Polygonal style mode: view of the scalp and the tumour regions.
Figure 6.9: Beam positioning with sera3d
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As mentioned earlier, if the slice dimensions are larger than 256x256, sera3d
will not work properly. This fact complicates the beam positioning but it
is still possible to determine the position of the beam in seraCalc module
without visual support.
6.2.4 Generation of the .source and .geom ﬁles
Once the ﬁrst input ﬁle (.uv ﬁle) is ready, the next step is to prepare the other
two inputs ﬁles for seraCalc. In order to simplify this step, a Perl script which
automatically generates the source and the combinatorial geometry ﬁles was
written. The ﬁle with the extension .source describes the MedApp source
and the MedApp collimator geometry. A .source and a .geom ﬁles examples
can be found in the appendix. All the necessary ﬁles to generate the .geom
and .source ﬁles may be found in the script folder. There should be seven
ﬁles:
• collimator.txt: the user has to provide the collimator opening by spec-
ifying the leaves positions here.
• neutron_energy.txt and Prob_neutron.txt: these ﬁles describe the
neutron spectrum of the MedApp facility. These ﬁles should not be
modiﬁed by the user.
• photon_energy.txt and Prob_photon.txt: these ﬁles provide the pho-
ton spectrum of the MedApp facility. They should not be modiﬁed by
the user.
• patient.pl: This ﬁle is a Perl script which generates the ﬁlesmedapp.source
and cg.geom automatically, taking into account the information of the
other ﬁve ﬁles described above.
The user has to provide the leaves positions in the collimator.txt ﬁle. In the
collimator.txt ﬁle, the 20 leaves are represented in columns in the lines 10
and 11. The user must write the value of the distance which each leaf has
been displaced. A positive value means that the leaf has been moved in the
positive y-direction. Figure 6.10 shows an example for a collimator aperture
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of 3x3 cm2.
Figure 6.10: Example of the collimator.txt settings for a 3x3 cm2 aperture
After that, the Perl script has to be run. The Perl script will generate two
of the three inputs for seraCalc: medapp.source and cg.geom.
6.2.5 seraCalc: transport simulation
In the transport simulation the dose distribution is calculated. The objec-
tive of the previous steps was to prepare the three main inputs for seraCalc:
medapp.source, cg.geom and patient.uv. These inputs have to be loaded in
the seraCalc window in the corresponding ﬁelds (ﬁgure 6.11). A detailed
description of the diﬀerent ﬁelds may be found in section 5.1.4.
Using sera3d, the exact position of the beam was obtained. These coordi-
nates have to be entered in the Positioning Panel. It is recommended to
check after the calculation in seraCalc whether the beam position was really
the desired one or not. To check it, the user can load in sera3d the .pp ﬁle
generated by seraCalc and visualize the beam. The user has to select the
beam controls control panel and set the ﬁeld Beam in use to Beam From File.
If the slice dimensions of the CT data are too large and do not enable the
beam positioning with sera3d modules, the user can determine the beam po-
sition without visual help. The user has to specify a target point (xp,yp,zp)
with all three dimensions in cm in the coordinate system of the patient.
This point is the point about which the beam is rotated when the beam is
positioned, so the beam geometry speciﬁed in the source ﬁle (ﬁle with the
extension .source), is rotated about the target point T. Zb (distance in cm
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Figure 6.11: seraCalc window
from the source to the target point T ) must also be speciﬁed so that the
beam geometry and patient geometry are separated from the buﬀer region
and the patient geometry is completely enclosed by the buﬀer (see ﬁgure
6.12(a)). Once the target point is speciﬁed, the rotation angles phi and
theta should be entered. The polar angle phi is represented in ﬁgure 6.12(b),
a positive angle describes a rotation towards the right side of the patient.
The azimuthal angle theta is represented in ﬁgure 6.12(c), a positive value
of theta rotates the beam towards the front of the head.
In the control panel, the number of particle histories and the run mode
has to be selected. A recommended value for fast neutrons simulation is
nbatch=4500 and nhist=2000 and the run mode NFGD that takes into ac-
count the normal neutron calculation, biased fast neutron calculation and
the gamma calculation.
In the Tally panel, the coordinate location of the centre of the edit mesh must
be speciﬁed. The edit mesh must cover all the regions in the patient rele-
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(a) Target point and distance Zb from the source to the
target point
(b) Polar angle phi
(c) azimuthal angle theta
Figure 6.12: Beam positioning parameters in seraCalc [Wes02]
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vant for the simulation. So the origin should be placed so as to obtain later,
with SeraDose dose, dose contours in all the relevant regions. The dimen-
sionality of the edit mesh array must also be provided (30 is the maximum
value possible). Finally, the size of each mesh element should be speciﬁed, a
recommended value is 1 and a recommended value for the wncut parameter
(see chapter 5.1.4) is 0.01.
Once the run is initiated, 3 views of the patient model are displayed (see
ﬁgure 6.13) even if the CT data were too large and do not enable the beam
positioning with sera3d modules. If sera3d module could not be used, sera-
Calc viewer is a good alternative for the visualisation of the segmentation.
Figure 6.13: Views displayed by seraCalc
6.2.6 seraPlan: generation of contour ﬁles
In order to identify the treatment plan, the Plan Name and the Patient
ID has to be speciﬁed. After that, in the SERA Plan Combination Utility
column, the user has to provide the information about the fractions (the
number of treatment days) and the ﬁelds per fraction (diﬀerent beam place-
ments in each fraction). The active button at the right of the ﬁeld data
should be toggled on so that the ﬁeld is included in the dose calculation. If
the treatment was divided in several fractions and the user would want to
use the same ﬁelds for each fraction, the same ﬁeld button can be ticked
in order to propagate the same ﬁeld name in the other fractions. In the
example case, one fraction and one ﬁeld per fraction was used.
The seraMC dose ﬁle name is required, the path of the .rst ﬁle written by
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seraCalc module has to be provided. This same path has to be provided
in the Field data card and in the SERA Plan Edit Tool on the right of the
window.
The gamma Repair data is the fraction of gamma dose induced damage that
is not repaired between fractions. It is up to the user to verify whether
the values are realistic or not. Finally, the boron concentration has to be
provided. This option is needed for BNCT treatment planning, as MedApp
facility is licensed only for percutaneous irradiations with fast neutrons, the
boron concentration has to be set to 0.
Several options can be set in order to obtain the desired output in the SERA
Plan edit tool. The N_avg option divides the body into N_avg parts. For
instance, if N_avg=3, the body will be divided into 3 regions. The ﬁrst re-
gion will contain the voxels with doses above the 67th percentile, the second
region will contain the voxels whose doses are between the 67th and 33rd
percentiles and ﬁnally the third region will contain the regions under 33rd
percentile. If this option is not desired, the N_avg should be set to 1.
A good option is to let seraPlan produce standard edits by using the Perform
standard edits button. SeraPlan will produce the following edits:
• point edits for the target point of each ﬁeld in the plan
• point edits at each constraint point deﬁned in the model
• line edits along the beam line of each ﬁeld from the patient geometry
entry point to the patient geometry exit point at 0.25 cm intervals.
• dose volume histograms for each body deﬁned in the model, except
buﬀer
• contour edits for each image plane in the image set.
The user has to provide the reference dose point or region. The selected
point or region will be used in seraDose for the calculation of the isodose.
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For instance, if the user selects the point 0 0 0, where the dose rate is for
example 1 Gy/min, seraDose will include in the 100% isodose all points in
which the dose rate value is greater or equal than 1 Gy/min. A good option
is to provide as a reference the point at which the maximum dose rate is
reached.
After completing all ﬁelds, the SERA Plan utility can be run using ﬁle>
Apply/save plan. The plan ﬁle generated will be written under the name
XXplan, XX being the patient ID provided by the user. If the treatment is
composed of multifraction irradiations, ﬁles named XXplan.fracN.rst will be
written, N being the fraction number.
6.2.7 seraDose: Visualisation of isodose
First, the ﬁle with the .qim extension created by the seraImage module has
to be loaded. Once the image set is loaded, the contours ﬁles generated by
seraPlan with the extension .cdf.sz can be loaded. For loading the contours,
the user has to select the load 3D contour ﬁle option on the Load Dose on
QSH ﬁeld. An example of 2D contours lines can be seen in ﬁgure 6.14. 100%
of the dose is surrounding the tumour and it can be seen how the dose dimin-
ishes as one moves to lower slices, which are more distant from the tumour
area.
Often, contours are drawn in unwanted areas (e.g. the buﬀer). In order to
remove the contour lines from these regions the mask ﬁles may be loaded and
a set of images containing the segmentation regions will appear in a pop-up
window. To perform this operation, the 3D mask ﬁles with the extension
.cmf.sz have to be loaded. After that, the user has to put the cursor in one
of the unwanted areas and click the mouse. The contour lines from that area
will be removed.
The diﬀerent dose component can be selected and displayed by selecting the
Select Dose Component from the Options menu. By selecting the prefer-
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Sera step by step
Figure 6.14: Isodose representation with seraDose module
ences option in the Options menu, the user can set and save for the future
individual preferences such as which dose component should be displayed as
default component. Moreover, the Options Menu allows the user to specify
the dose factors and concentrations for each of the dose components.
More examples can be found in Appendix C.
87

Chapter 7
Beam position for irradiation
of superﬁcial tumours
As mentioned in chapter 1.3, about 75% [Pet10] of all medical treatments
in MedApp facility are undertaken with palliative purposes. Between these
cases, one common type is the treatment of chest wall metastases of breast
cancer (see ﬁgure 7.1(a)). For this case, the low penetration of neutrons
plays a decisive role for the treatment since the dose that reaches the lungs
or the heart is smaller than for long-ranging radiation. This chapter dis-
cusses the various possibilities for positioning the beam for tumours near
curved surfaces, like the chest wall, and the resulting dose distribution of
each possibility.
For the Monte-Carlo simulation, the chest region was simpliﬁed and was rep-
resented as a water cylinder of elliptical base whose major axis and minor
axis measure 44.2 cm and 23.2 cm (see ﬁgure 7.2). The calculations were
carried out for the case of a thin tumour situated in the surface. It has to
be noted that for the simulation the tumour was also ﬁlled with water. The
simulations were performed in both positions: vertical and tangential, with
a collimator aperture of 9x9 cm2.
For the vertical irradiation, the centre of the beam was aligned with the
major axis of the ellipse (see ﬁgure 7.3). The tangential irradiation consists
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(a) Chest wall metastases of breast cancer
(b) Tumour irradiation in MedApp facility
(c) Five month after the irradiation
Figure 7.1: Treatment of a chest wall metastases of breast cancer in the
MedApp facility
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of two irradiations parallel to the minor axis at 19 cm from the ellipse centre
point, one irradiation from the front side and the other from the back side.
The depth dose curves resulting from a vertical and a tangential irradiation
were compared.
Figure 7.2: Irradiation of tumour near curved surfaces
Figure 7.3: Schema of the geometry distribution for MCNPX simulation:
vertical and tangential irradiation
The neutron dose distribution in Gy per minute is represented for both ir-
radiation positions in ﬁgures 7.4(a) and 7.4(b). In order to enable a better
comparison of the two distributions, the dose rates were normalised so as to
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obtain a dose rate of 1 Gy/min in the surface region for instance in the coor-
dinates x=21.5, y=11.5. The tumour geometry is also represented. In both
cases, the 70% of the total dose reaches the whole tumour. However, for the
vertical case, the dose reaches deeper location than for the tangential case.
The graphic representation may induce to believe that there is a build-up ef-
fect in the ﬁrst cm. For the case of neutron dose, this is a wrong impression,
this eﬀect is explained because the mesh tally geometry is independent from
the phantom geometry and Origin1 represents the dose distribution starting
from individual data points and it makes an interpolation between the point,
so at the beginning the program makes an interpolation of the very small
dose in air and neutron dose in the point at the surface of the water phantom.
In the same way, ﬁgure 7.5(a) and 7.5(b) represent the normalised photon
dose distribution for both cases.
In order to compare the two cases, ﬁgures 7.6(a) and 7.6(b) represents the
distribution of the neutron and photon dose rate along the major axis of
the ellipse starting from the same dose rate at the ﬁrst point in the surface.
At a depth of 10 cm (x=12 cm), the neutron dose rate resulting from the
tangential irradiation has fallen to 0 while the neutron dose rate resulting
from the vertical irradiation is still around 0.15 Gy/min. The photon dose
rate falls to 0 already in the ﬁrst 10 cm for the tangential irradiation case,
while for the vertical irradiation case there is still a dose rate of 0.2 Gy/min
at a depth of 30 cm in the ellipse. In these graphics, it can be clearly seen
that there is no build-up eﬀect for the neutron, but this eﬀect takes place
for the photons since secondary photons are generated by the interaction of
the thermalised neutrons. This eﬀect can be seen in the depth photon dose
curve for the vertical irradiation.
As seen in the previous ﬁgures, a tangential irradiation of the region enables
a better protection of vital organs located behind the tumour, such as lungs,
from the dose penetration.
1Origin was the program used for the graphic representation
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(a) Neutron dose distribution for vertical irradiation centered on the major ellipse
axis (y=11.6 cm)
(b) Neutron dose distribution for tangential irradiation: addition of front and back
side irradiation parallel to minor axis (x=19 cm)
Figure 7.4: Neutron dose distribution in a water cylinder for two diﬀerent
beam positions
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(a) Photon dose distribution for vertical irradiation centered on the major ellipse
axis (y=11.6 cm)
(b) Photon dose distribution for tangential irradiation: addition of front and back
side irradiation parallel to minor axis of the ellipse (x=19 cm)
Figure 7.5: Photon dose distribution in a water cylinder for two diﬀerent
beam positions
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(a) Neutron depth dose along the major axis of the ellipse
(b) Photon depth dose along the major axis of the ellipse
Figure 7.6: Depth-dose curves along the major axis of the ellipse
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Chapter 8
Outlook and Conclusion
For radiation therapy treatments, the realisation of a patient-personalised
dosimetry calculation is necessary for a better quality of the treatment.
Current internal dosimetric estimations are based on water phantom mea-
surements. The objective of this project was to improve, and especially
to customise the dosimetry calculations. Within the scope of this thesis,
two personalised dosimetric tools, SERA and Image J associated with the
MCNPX Monte Carlo Code, were adapted to the necessities of the Medical
facility (MedApp) of the Research Reactor FRM II. These dosimetric tools
allow performing patient-speciﬁc dosimetry taking into account the diﬀerent
tissues compositions present in the human body.
Both dosimetric tools, SERA and MCNPX in combination with Image J,
enable the quantiﬁcation of the dose in the diﬀerent human regions. The
calculation is based on the speciﬁc geometries of the patient created from
CT or MR images of the patient.
The main goal of this thesis was to determine whether SERA was suitable or
not to run TPS simulations for ﬁssion neutron radiotherapy at the MedApp
facility. In order to match the MedApp requirements, the following work
was done with SERA:
• A Perl script has been developed to easily create the SERA source
input. By setting the position of the collimator leaves and providing
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the ﬁles describing the energy distribution of the source, the program
generates a source input for SERA.
• Another Perl script was developed to create the SERA geometry ﬁle
input surrounding the patient.
• Simulations were carried out with a water phantom.
• Simulations were carried out with a head phantom.
• Simulations were carried out with diﬀerent patient models.
• Finally, a more detailed description of the capabilities and disadvan-
tages of SERA was written in order to facilitate the use of the program
for novice users.
In order to validate the results of SERA, experimental measurements were
carried out with a water phantom in the treatment room of the MedApp
facility. Moreover, the capabilities of diﬀerent TPS software were studied in
order to validate SERA results. Image J was chosen in combination with
MCNPX in order to perform simulations and compare the results with the
ones obtained with SERA. In order to adapt the original script of Image J
to the MedApp requirements, the following work was done:
• Modiﬁcations on the original macro script were made in order to suit
the script for radiotherapy with an external source mainly composed
of neutrons mixed with photons.
• The script was also modiﬁed in order to include the collimator geom-
etry. A dialogue box appears when running the program so that the
user can specify which is the position of the leaves of the collimator by
writing the displacement of each leaf.
• Simulations have been carried out with a water phantom
• Simulations have been carried out with a head phantom
• A script was produced in order to create isodose superimposed on the
CT image with Origin.
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The results prove that SERA was suitable for the use as a dosimetric tool
for radiation therapy with fast neutrons. The simulations are performed in a
short time (20 min) which represents a big advantage compared to MCNPX
simulations. Moreover, SERA oﬀers a very user friendly beam positioning
and multiple outputs possibilities. However, the beam positioning works
only for images smaller than 256x256 pixels. The capabilities of the Sera3d
module should be improved so that the representation of larger images may
be plausible.
With regard to image J associated with MCNPX, this alternative to SERA is
a very good option since the simulation is done with MCNPX. This is a well
known code and widely used by the scientiﬁc community and the documen-
tation available about this code is very large. It simulates all the interactions
of neutrons and photons taking into account the secondary particles and pro-
vides a statistical error associated with each outcome, that allows to know
the accuracy of the calculations. However, MCNPX needs larger simulation
times (2 hours)1 than SERA (20 Min). Moreover, the use of this alternative
involves 3 diﬀerent programs: image J for the segmentation and voxelisa-
tion of the patient, MCNPX for the transport simulation and Origin for the
results analysis and interpretation. Therefore, a coupled solution would be
more practical for the user.
The accuracy of the results depends on the correctness of the segmentation.
The segmentation is a process that requires time and user experience. A
more advanced step would be to improve the segmentation process in order
to automate the process as much as possible. This should be the key point
for further development since the segmentation takes approximately 90% of
the time of the entire process.
Voxel models are one of the most adequate for the radiotherapy planning.
Nevertheless, voxel models have also some disadvantages, which must be
taken into account. Structures having dimensions less than the dimensions
1It has to be noted that MCNPX simulations can be parallelised, e.g. on 16 cores the
simulation time would be 7min 30s
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of the voxels cannot be accurately modelled. The surface of the voxelised
organs present a stepped surface instead of a smooth surface, that leads to an
overestimation of the surface area of the organ. However the eﬀect of these
phenomena on the organ dose calculation is not large [Cao04]. The hybrid
phantom model may represent an improvement over the voxelised model,
since regional defects and discontinuities are prevented. Further work may
be done in this direction.
The simulation software SERA and MCNPX in combination with Image J
together with the new added functions have been proven to be accurate tools
to run TPS simulations. The developments presented in this work facilitate
the establishment of a treatment planning system for the MedApp facility
with retrospective purposes.
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A.Ionisation Chamber
A.1 MCNPX input for the modelling of the ionisa-
tion chambers
Geometry model for MCNPX of an ionisation chamber inside the water phan-
tom.
c ==============================================================================
c Cells
c ==============================================================================
c
c ============================ Water-Phantom ===================================
c Model of the Water phantom with PMMA walls
c
c PMMA walls
6110 30 -1.17 7950 -7952 -7954 7956 7958 -7960
#6120 #(-2022 -2006 2021) #(-2005 -2021 2023)
#(-2015 -2023) #302 #300 #301
imp:N=2 imp:P=2 imp:E=0 imp:H=0
c
c Water inside the phantom
6120 13 -1.00 8000 -8002 -8004 8006 8008 -8010
#(-2022 -2006 2021) #(-2005 -2021 2023) #(-2015 -2023)
#302 #300 #301 imp:N=4 imp:P=4 imp:E=0 imp:H=0
c
c ============================ Collimator ===================================
c Collimator hole
160 0 -14 13 15 -16 17 -18 IMP:N=1 IMP:P=1 imp:E=0 imp:H=0
c
c Collimator
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170 0 7 -8 9 -10 17 -18 #160 IMP:N=0 IMP:P=0 imp:E=0 imp:H=0
c
c ====================== TE chamber ===============================
201 10 -1.74 -2001 2021 -2022 imp:p=8 imp:n=8 imp:E=8 imp:H=8 $ Stem
202 10 -1.74 -2002 2004 2023 -2021 imp:p=30 imp:n=30 imp:E=30 imp:H=30
FCL:n=-0.5 FCL:p=-0.5 $ Chamber wall
203 20 -0.00166 2003 -2004 2023 -2021 imp:p=40 imp:n=40 imp:E=40 imp:H=40 $ Gas
FCL:n=-0.5 FCL:p=-0.5
204 10 -1.74 -2003 2023 -2021 imp:p=30 imp:n=30 imp:E=30 imp:H=30 $ Electrode
205 200 -0.00118 2002 -2001 2023 -2021 imp:p=10 imp:n=10 imp:E=10 imp:H=10 $ air
206 30 -1.17 2001 -2005 2023 -2021 imp:p=12 imp:n=12 imp:E=12 imp:H=12 $ Wall
FCL:n=-0.5 FCL:p=-0.5
207 30 -1.17 2001 -2006 2021 -2022 imp:p=4 imp:n=4 imp:E=4 imp:H=4 $ Wall tube
c
211 10 -1.74 -2012 2014 -2023 imp:p=30 imp:n=30 imp:E=30 imp:H=30
FCL:n=-0.5 FCL:p=-0.5 $ wall
212 20 -0.00166 2013 -2014 -2023 imp:p=40 imp:n=40 imp:E=40 imp:H=40
FCL:n=-0.5 FCL:p=-0.5 $ Gas
213 10 -1.74 -2013 -2023 imp:p=30 imp:n=30 imp:E=30 imp:H=30 $ Electrode
214 200 -0.00118 2012 -2016 -2023 imp:p=14 imp:n=14 imp:E=14 imp:H=14 $ air
215 30 -1.17 2016 -2015 -2023 imp:p=12 imp:n=12 imp:E=12 imp:H=12
FCL:n=-0.5 FCL:p=-0.5 $ Wall PMMA
c
c ========================== Water around chamber ============================
300 13 -1.00 3002 -3001 -3003 #301 #(-2022 -2006 2021) #(-2005 -2021 2023)
#(-2015 -2023) imp:N=8 imp:P=8 imp:E=0 imp:H=0
301 13 -1.00 3005 -3004 -3006 #(-2022 -2006 2021) #(-2005 -2021 2023)
#(-2015 -2023) imp:N=10 imp:P=10 imp:E=1 imp:H=1
302 13 -1.00 3008 -3007 -3009 #300 #301 #(-2022 -2006 2021) #(-2005 -2021 2023)
#(-2015 -2023) imp:N=6 imp:P=6 imp:E=0 imp:H=0
c ==============================================================================
c Surfaces
c ==============================================================================
c
c Limits for the interior
1 PX -50
2 PX 50
3 PY -8
4 PY 692
5 PZ -50
6 PZ 50
c
c ================================== PMMA-Phantom ==============================
c
c limits PMMA
7950 px -32 $ End Water-Phantom behind
7952 px 32 $ End Water-Phantom front
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7954 pz 30 $ End Water-Phantom above
7956 pz -32 $ End Water-Phantom below
7958 py 590 $ End Water-Phantom left
7960 py 644 $ End Water-Phantom right
c
c Limits water
8000 px -30 $ End Water behind
8002 px 30 $ End Water front
8004 pz 30 $ End Water above
8006 pz -30 $ End Water below
8008 py 592 $ End Water left
8010 py 642 $ End Water right
c
c
c
13 PZ -4.50 $collimator_hole
14 PZ 4.5 $collimator_hole
15 PX -4.5 $collimator_hole
16 PX 4.5 $collimator_hole
17 PY 442 $collimator_hole
18 PY 492 $collimator_hole
c
7 PZ -50 $collimator
8 PZ 50 $collimator
9 PX -50 $collimator
10 PX 50 $collimator
c
c =================== TE Chamber ====================
c
2001 1 cz 0.75 $ stem
2002 1 cz 0.7 $ chamber wall
2003 1 cz 0.2 $ Electrode
2004 1 cz 0.4 $ inner diameter
2005 1 cz 0.775 $ PMMA tube below
2006 1 cz 1.1 $ PMMA tube Stem
2007 1 cz 5 $ Zylinder
c
2012 1 so 0.7
2013 1 so 0.2
2014 1 so 0.4
2015 1 so 0.775 $ PMMA sphere
2016 1 so 0.75 $ air sphere
c
2021 1 pz 2.1
2022 1 pz 20
2023 1 pz 0
2024 1 pz -5
c
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c ============== Wather around chamber ==================================
3001 1 pz 22
3002 1 pz -8
3003 1 cz 2.5
c
3004 1 pz 21
3005 1 pz -2.5
3006 1 cz 2.0
c
3007 1 pz 23
3008 1 pz -10
3009 1 cz 2.9
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The measures used for the modelling of the chambers with MCNPX are
represented below:
Figure A.1: Ionisation chamber for neutron dosimetry
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Appendix B
B.SERA
B.1 Source and Geom ﬁle contents
The SERA simulations performed in this work may be divided in two main
problem types:
• Water phantom simulation: simulation without patient model, where
the description of the geometry must be provided in the ﬁle with the
extension .geom.
• Patient model simulation: simulation with patient geometry.
For both cases, the .source and the .geom ﬁles are required by seraCalc.
However, the contents of these ﬁles depend on the type of simulation.
B.1.1 Simulation with a water phantom
For this case, the ﬁle with the extension .source should describe the source
and the collimator geometry. The water phantom, the space surrounding the
phantom and the outside space (ﬁctitious) will be described in the ﬁle with
the extension .geom. These ﬁles are quite laborious to write and mistakes
may occur easily. To resolve this, a Perl script (water_phantom.pl) was
written in order to generate these ﬁles.
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Source ﬁle description for a simulation with a water phantom
The source ﬁle for the simulation with a water phantom is composed by
9 main parts. The ﬁrst 8 of them are identical to those required for the
simulation with the patient:
1. File name: descriptive name for the ﬁle
2. Geometry description of the source: coordinates of the center point,
source form, energy interpolation to be used, the shape and the buck-
ling value.
3. Description of the source: number of sources, number of neutron groups,
number of gamma groups, number of energy spectra and number of an-
gular current bins.
4. Neutron Energy groups: boundary limits for each neutron group in eV.
5. Gamma Energy groups: boundary limits for each gamma group in eV.
6. Neutron current intensity : probability for each group.
7. Gamma current intensity : probability for each group.
8. Cosine Cutoﬀs: the angle of the distribution of the neutron and gamma
currents.
The ninth part is the geometry description which is composed of 5 elements:
1. Number of regions: the user has to specify the number of regions used
for the description of the collimator.
2. Region material and region name: in this section the user has to pro-
vide the material and the name of all the components required for
the collimator description. There is a list of materials available in the
materials ﬁle1. The name of the region can be chosen by the user.
3. Title: the user may enter a descriptive title for the geometry descrip-
tion.
1The materials ﬁle seraMC.mat may be found in the folder Resources/SeraMC
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4. Body description: the body description is composed of 3 elements
• body type directive: three characters that describe the geometry
of the body (e.g. RPP for rectangular parallelepiped, SPH for a
sphere etc.)
• body number
• body coordinates: coordinates which bounds the body. Each body
needs diferent coordinates entries (see the pages 140-146 of the
SERA manual [Wes02]).
The body description is closed writing END.
5. Regions deﬁnition: this part is composed by the region name, the
region number and the boolean directives to describe the regions as
a combination (intersection or union) of the bodies described above.
The region description is closed writing END.
Combinatorial geometry ﬁle description for a simulation with a
water phantom
The geometry ﬁle for a water phantom simulation is composed of 5 elements:
1. Number of regions used: at least 3 regions are necessary the phantom
region, the space around the phantom region and the ﬁctitious region.
2. Region material and region name: the material and the name of each
region has to be provided. The ﬁctitious region must be made of the
material ﬁctitious.
3. title geometry ﬁle
4. Body description: it has the same structure as the body description in
the source ﬁle. The body numbers should follow the body numbers of
the source ﬁle.
5. Regions deﬁnition: it has also the same structure as the region descrip-
tion in the source ﬁle. The region name should also follow the region
numbers of the source ﬁle.
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The input format and requirements can be found in pages 151 and 153 of
the SERA manual [Wes02].
B.1.2 Simulation with patient data
For this case, the ﬁle with the extension .source should include the source
description, the collimator region and the buﬀer (space around the patient
geometry) region. Regarding the combinatorial geometry, this ﬁle should
only contain the ﬁctitious region. As for the water phantom case a Perl
script (patient.pl) was written to generate the inputs needed.
Source ﬁle description for simulation with a patient geometry
The eight ﬁrst parts of the source ﬁle are identical to the ones described
on the section B.1.1. The ninth region has the same structure as described
in this region but an extra region has to be included: the buﬀer region.
The buﬀer region must be ﬁlled with the buﬀer material and must be large
enough to surround the patient geometry.
Combinatorial geometry ﬁle description for simulation with a pa-
tient geometry
In this case, the combinatorial geometry ﬁle is shorter than for the water
phantom case. It contains only the ﬁctitious region. So it has always mainly
the same structure: there is only one region, ﬁlled with the material ﬁcti-
tious and named FICTITIOUS and a descriptive title. It has to be noted
that there is only a region description, no body description is needed. In
spite of the absence of body description, the closing END word for the body
description has to be written.
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B.2 Example of source and combinatorial geometry
input ﬁle for patient model simulation case
Source input ﬁle for MedApp facility:
MEDAPP test source
#center point, source form, energy interpolation, shape, buckling
0.00000 0.00000 590.00000 1 0 0
#n°concentric sources,n°n-groups,n°g-groups,n°energy spectra,n°angular current bins
1 42 0 1 1
#Spectrum index,average n-intensity,average g-intensity,x dim(1/2length),y dim(1/2length)
1 3.2000e+008 0.0000e+000 7.5000e+000 7.5000e+000
#Neutron Energy groups
1.0000e+007 9.0000e+006 8.0000e+006 7.0000e+006 6.0000e+006 5.0000e+006
4.0000e+006 3.0000e+006 2.0000e+006 1.2000e+006 1.0000e+006 9.0000e+005
7.0000e+005 5.0000e+005 3.0000e+005 2.0000e+005 1.5000e+005 1.0000e+005
7.0000e+004 5.0000e+004 3.0000e+004 2.0000e+004 1.0000e+004 5.0000e+003
2.0000e+003 1.0000e+003 5.0000e+002 2.0000e+002 1.0000e+002 5.0000e+001
2.0000e+001 1.0000e+001 5.0000e+000 2.0000e+000 1.0000e+000 5.0000e-001
2.0000e-001 1.0000e-001 5.0000e-002 2.5300e-002 1.0000e-002 1.0000e-003
1.0000e-004
#Neutron Current intensities
4.1367e-003 5.2910e-004 1.4453e-002 1.4017e-002 3.6111e-002 4.5337e-002
7.4487e-002 1.6445e-001 2.3551e-001 6.7029e-002 2.3032e-002 5.5892e-002
6.8522e-002 5.0220e-002 2.5902e-002 1.3346e-002 1.7321e-002 6.0107e-003
9.4666e-003 6.4421e-003 8.1842e-003 1.0578e-002 8.6575e-003 1.0714e-002
6.3773e-003 4.9508e-003 6.6937e-003 3.9931e-003 2.3634e-003 2.6289e-003
1.2092e-003 6.8251e-004 4.0072e-004 8.4610e-005 1.9049e-005 1.4357e-005
2.5894e-005 9.3533e-005 5.5307e-005 4.0153e-005 1.2627e-005 1.9352e-008
#Cosine Cutoffs
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
111
Appendix
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
9.9943e-001
#Regions definition
5
fictitious COLLIMATOR
void_edit COLLIMATOR_hole
void_edit COLLIMATOR_hole
buffer BUFFER
void_edit SPACE
collimator description
RPP 1 -50.000 50.000 -50.000 50.000 98.000 148.000
RPP 2 -1.500 0.000 -1.500 1.500 98.000 148.000
RPP 3 0.000 1.500 -1.500 1.500 98.000 148.000
RPP 4 -50.000 50.000 -50.000 50.000 -50.000 98.100
RPP 5 -50.000 50.000 -50.000 50.000 98.000 591.000
END
#XXXXXXXXXbb22222cc33333dd44444ee55555ff66666gg77777hh88888ii99999jj00000
1 5 +1 -2 -3
2 5 +2
3 5 +3
4 5 +4 -1 -2 -3
5 5 +5 -1 -2 -3
END
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Combinatorial Geometry ﬁle example:
#Combinatorial Geometry file
#Number of regions used
1
# out region
fictitious FICTITIOUS
#title geometry file
MEDAPP combinatorial geometry
END
6 5 -1 -4 -5
END
113

Appendix C
C.Examples of simulation cases
with SERA and ImageJ
associated with MCNPX
C.1 Simulation with MR data of a brain tumour
This example case is the irradiation of a tumour on the left side of the brain
with a collimator aperture of 3x3 cm2.
Figure C.1: 3d view with SERA of brain tumour
Appendix
Figure C.2: brain tumour
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Simulation with CT data of wax head
C.2 Simulation with CT data of wax head
A phantom head composed of real cranium bones and ﬁlled with tissue equiv-
alent wax was available for this work (see ﬁgure C.3). In order to perform
the simulation with the wax phantom, a CT of the wax phantom was made
in Klinikum Rechts der Isar. After the segmenting the phantom with Ser-
aModel, a simulation was performed. The irradiation beam was targeted to
the ear (tangential) with a collimator aperture of 3x3 cm2 (see ﬁgure C.4 ).
Figure C.3: 3D view with ImageJ of wax head
Figure C.4: Isodose superimposed in slice of CT image of a wax head
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The phantom was also segmented with ImageJ and simulations were carried
out with MCNPX. The phantom was irradiated frontally with a collimator
aperture of 9x9 cm2 (see ﬁgure C.5).
Figure C.5: Isodose superimposed obtained with Origin in slice of CT
image of a wax head
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